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ABSTRACT OF THE THESIS 
Time and Frequency Domain 
Representations of the Left Ventricle: 
Theoretical and Experimental Results 
by Dennis James Arena 
Thesis Director: Dr. Dov Jaron 
A frequency domain and a time domain model of the 
left ventricle are described in this work. These 
representations provide insight into the function of the 
healthy left ventricle and show how ventricular function may 
be altered by heart disease. 
In developing the frequency domain representation 
of the left ventricle, the flow and pressure waveforms 
generated by the left ventricle were described as 
superpositions of sinusoidal oscillations at different 
frequencies. Flow and pressure waveforms were obtained 
experimentally at two different left ventricular afterloads . . 
The two different afterloads were obtained utilizing an 
intraaortic balloon. The left ventricle was modeled by an 
equivalent source pressure and source impedance analogous to 
a Thevenin•s equivalent representation. The model 
parameters (source pressure and source impedance) appear to 
be sensitive to cardiovascular changes such as myocardial 
infarction and increased left ventricular end-diastolic 
pressure. The source pressure expressed in the time domain 
may be a useful myocardial contractility index. For aortic 
input impedance much greater than source impedance, a change 
in left ventricular afterload would result in small change 
in aortic pressure. In this case the left ventricle would 
be functioning as a pressure source. By comparing the 
source resistance and aortic input resistance, the left 
ventricle appears to be a D.C. pressure source. 
For analysis in the time domain, the left ventricle 
was represented by truncated, confocal ellipsoids 
approximated by a series of cylindrical shells. The 
properties of the left ventricle were distributed over the 
cylindrical sections. The timing and sequence of 
contraction of the cylindrical shells were prescribed to 
simulate the mechanical action of the left ventricle. Plow 
and pressure waveforms produced by the model were similar to 
those obtained experimentally. Results of the simulation 
indicate that the pressure distribution in the ventricular 
chamber may be a useful index for determining the status of 
the left ventricle. 
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CHAPTER I 
INTRODUCTION 
Of the four chambers of the heart, the left 
ventricle performs the major portion of the work needed to 
supply blood to the circulation. Consequently, this chamber 
is most susceptible to failure. A quantitative analysis of 
left ventricular function is desirable in order to determine 
the status of the left ventricle. 
Recently, some of the commom parameters used to 
analyze left ventricular function and problems associated 
with such evaluations have been · reviewed (1,2). Many 
parameters used to assess left ventricular ~ump function are 
influenced by extracardiac factors. For instance, cardiac 
output is often used to evaluate cardiac performance. But 
cardiac output is not a sensitive index of left ventricular 
function because homeostatic mechanisms tend to maintain 
cardiac ouput in response to cardiovascular changes. One 
homeostatic mechanism is the regulation of systemic vascular 
tone (left ventricular afterload) . 
Two representations of the left ventricle are 
presented herein. In the frequency domain representation, 
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left ventricular function is described by two parameters; 
source pressure and source impedance. These parameters may 
be useful in the evaluation of cardiac performance. Source 
pressure and source impedance are not functions of left 
ventricular afterload as, for instance, cardiac output is. 
The time domain representation of the left 
ventricle is developed by simulating the dynamics of the 
left ventricle through the cardiac cycle. Results from the 
model show that the pressure distribution within the 
ventricular chamber may be indicative of the status of the 
left ventricle. The pressure gradients within the chamber 
are also independent of left ventricular afterload. 
The thesis is presented in modular form. One 
familiar with the physiology and biophysics of the 
circulation could skip the chapter on "Physiologic 
Background" and proceed onto the chapters on left 
ventricular representations without missing any of the 
reported results. Furthermore, one interested in only one 
of the left ventricular representations may proceed directly 
to the chapter on that model. No background information, 
data or results are reported for one representation that are 
required knovledge for studying the other representation. _ 
An additional section on physiologic background appears in 
the Appendix which provides information regarding the 
cellular structure and function of myocardium. 
Each left ventricular representation is described 
with its own detailed Introduction and Discussion. The 
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Discussion appearing at the end of the thesis is a brief 
summary concerning the usefulness of both representations. 
CHAPTER II 
PHYSIOLOGIC -BACKGROUND 
A preliminary step in studying heart function is 
understanding the structure and nature of contraction of the 
myocardium. 
A. Anatomy of the Left Ventricle 
The heart is composed of four chambers; the left 
and right atria and the left and right ventricles. 
Deoxygenated blood from the systemic circulation enters the 
right atrium and passes through the tricuspid valve into the 
right ventricle. The right ventricle pumps the deoxygenated 
blood through the pulmonary valve into the pulmonary 
circulation. The blood is oxygenated by the lungs in the 
pulmonary circulation, and returns to the left atrium of the 
heart. From there, the blood enters the left ventricle 
through the mitral valve. The left ventricle pumps the 
oxygenated blood through the aortic valve and into the 
systemic circulation via the aortic artery. 
The right ventricle pumps against a mean pressure 
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of about 15 mm Hg. The left ventricle pumps against a mean 
pressure of about 100 mm Hg. Since the ventricles pump 
blood at the same flow rate, the left ventricle must perform 
a bout six times the amount of work that the right ventricle 
performs in maintaining the circulation. Consequently, the 
l eft ventricle contains much more muscle mass than the right 
ventricle. 
The "skeleton" of the heart is a fibrous framework 
o f connective tissue (Figure 2.1). The atria, ventricles, 
valves and arterial trunks are connected to this frame. The 
atria and arterial trunks are attached to the superior 
s urface of the frame; the ventricles to the inferior surface 
( 3) • 
The shape of the left ventricle (LV) is similar to 
an eggshell with its top cut off (4). The truncated end of 
the eggshell corresponds to the base of the LV. The intact 
end of the eggshell corresponds to the apex of the LV. The 
base of the LV is attached to the skeleton of the heart 
encompassing the openings for the mitral and aortic valves. 
The wall of the LV is thickest at the greatest circumference 
(equator} and thinnest at the apex (4). The muscle fibers 
in the ventricular wall are mostly oriented 
circumferentially and do not change orientation 
significantly through the cardiac cycle. There are more 
longitudinally oriented muscle fibers in the apical region 
than in the rest of the LV (5). 
In the wall of the LV which separates the right and 
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left ventricular chambers (interventricular septum) , a 
fa scicle of Purkinje fibers (left bundle branch) descends 
from the base toward the apex. The bundle divides 
an teriorly and posteriorly and ramifies into the peripheral 
Purkinje network (6). 
B. Dynamics of the Left Ventricle 
During the filling phase of the cardiac cycle, the 
myocardium is in the resting state. The inlet valves from 
the atria to the ventricles are open; the outlet valves from 
t he ventricles to the arterial trunks ~re closed. The atria 
a nd ventricles are being passively filled with blood from 
t he systemic and pulmonary circulations. 
Electrical activity in t he heart begins (under 
normal conditions) in the sinoatrial node located in the 
wall of the right atrium. The pacemaker cells in the node 
i nitiate the depolarization impulse. The impulse follows 
specialized conduction pathways to the atrioventricular node 
(internodal tracts) and to the left atrium (Bachmann's 
bundle) (6) • The spread of depolarization over the atria 
causes atrial contraction which complements the filling of 
the ventricles. 
Normally, the depolarization impulse can reach the 
ventricles only via the atrioventricular node (AVN) which is 
located at the base of the right atrium. The impulse incurs 
a delay in transmission at the AVN (which is convenient to 
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al low the atria to complete contraction before the 
ventricles begin contracting). From the AVN the impulse 
pa sses into the right ventricle to the rapidly conducting 
purkinje fibers of the bundle of His and thence to the right 
an d left bundle branches of the right and left ventricles, 
respectively. 
Hence, the depolarization impulse enters the LV via 
the left bundle branch. The impulse passes along Purkinje 
f ibers in the interventricular septum to the apical region 
o f the LV. The wave of depolarization of ventricular 
myocardium thus starts at the apex and moves up toward the 
base (7). As a result, ventricular contraction begins near 
the apex and moves toward the base where the outgoing 
vessels are located ( 8) . 
Initial LV contraction raises ventricular pressure 
c ausing closure of the inlet valve (mitral valve). Until 
t he pressure generated within the LV is greater than that in 
t he aorta, the outlet valve (aortic valve) remains closed. 
Hence, during this phase of cardiac contraction, the LV is a 
closed space and the chamber volume cannot change 
(isovolumic contraction) • 
During the isovolumic contraction phase of the 
cardiac cycle, there is little or no change in LV length. A 
narrowing of the apical region occurs which displaces blood 
toward the base causing expansion of the LV in the vicinity 
of the aortic valve (9). When the pressure in the LV 
exceeds that in the aorta, the aortic valve opens and the LV 
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ejects blood into the aorta. 
During the ejection phase of the cardiac cycle, the 
ventricle shortens slightly (9) , but the ventricular chamber 
vo lume is reduced primarily by a reduction circumferentially 
rather than longitudinally (10) . 
Near the end of the ejection phase, the ventricular 
myocardium ceases contraction and the pressure in the LV 
declines. When ventricular pressure declines below aortic 
pressure, the aortic valve closes. The ventricular 
myocardium continues to relax and chamber pressure continues 
t o fall. When LV pressure falls below left atrial pressure, 
the mitral valve opens and the filling phase of the cardiac 
cycle begins. Figure 2.2 displays the timing of cardiac 
events in a typical cardiac cycle. 
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Figure 2.1. Anatomic components of the heart. 
The atria and arterial trunks are connected to the 
superior surf ace of the fibrous skeleton of the 
heart; the ventricles to the inferior surface. (3) 
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Figure 2.1 
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Figure 2. 2. The timing of cardiac even ts. (7) 
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0 a.s l.O 
Figure 2.2 
CHAPTER III 
* FREQUENCY DOMAIN REPRESENTATION OF THE LEFT VENTRICLE 
A. Introduction 
Numerous methods have been utilized to provide 
analysis of left ventricular function. These methods 
i nclude measurement of aortic and left ventricular 
pressures, cardiac output, and ventricular volumes. 
However, these parameters are not only dependent on the 
status of the left ventricle but are also functions of the 
left ventricular afterload. It is desirable to evaluate 
left ventricular performance by parameters which -are 
independent of left ventricular afterload. The frequency 
domain analysis of the left ventricle described herein may 
provide useful parameters for left ventricular performance. 
The left ventricle has been represented by an 
equivalent source pressure and source impedance analogous to 
* Portions of this chapter were included in a final report to 
Sinai Hospital of Detroit in 1976. This work was supported 
in part by a subcontract to Sinai Hospital under a program 
project grant USPHS Grant HL-13737 with Dr. Dov Jaron as 
principal investigator. The experimental data used in this 
analysis were collected by Dr. Jaron at Sinai Hospital. 
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2) can these parameters provida an indication of the 
functional properties of the heart? 
3) can changes in the parameters be related to changes in 
the physiologic properties of the system? 
B. Theory 
1. As$umptions Used in the Analysis 
The model parameters (source pressure and source 
impedance) were determined in the frequency domain utilizing 
the principle of superposition. Therefore, the system being 
modeled was assumed to be linear and possess time-invariant 
properties. It was also assumed that the properties of the 
left ventricle could be represented by lumped parameters. 
2 ~ Determination of Model Parameters 
The equivalent source pressure and source impedance 
a re expressed in terms of left ventricular pressure and 
a ortic flow. In the Thevenin's equivalent circuit (Figure 
3.1), pressure is analogous to voltage and flow is analogous 
to current. By applying Ohm's law and Kirchhoff's voltage 
law to the circuit of Figure 3.1 at two different load 
conditions, two equations with two unknowns result: 
(3-1) 
an d 
where: 
PG = equivalent source pressure 
ZG = equivalent source impedance 
PLV = left ventricular pressure 
Q = aortic flow 
w = angular frequency 
and the subscripts 1 and 2 refer to load 
conditions 1 and 2. 
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(3-2) 
Solution of the two equations provides expressions for the 
mqdel parameters: 
PG(w) = Q2(w)PLV1(w) - Q1(w)PLV2(w) 
Qz(w) - Ql(w) 
ZG(w) = PLV2(w) - PLV1(w) 
Ql (w) - Q2(w) 
(3-3) 
(3-4) 
One non-linearity of the cardiovascular system is 
the aortic valve. The valve was not considered part of the 
source. By using left ventricular pressure and aortic flow 
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in the calculation of the model parameters, the valve was 
excluded from the Thevenin's equivalent circuit. 
3. _Time Domain Source Pressure 
The source pressure is equivalent to left 
ventricular pressure under zero flow conditions. A cycle of 
so urce pressure presented in the time domain, therefore, 
represents the left ventricular pressure that would be 
generated during an isovolumic heart cycle. 
4. Nature of the Generator 
The load presented to the left ventricle can be 
o btained by (16): 
where: 
ZAO(w) = PAO(w) 
Q(w) 
ZAO = aortic input impedance 
PAO = aortic pressure. 
(3-5) 
To assess whether the heart can be considered a flow source 
or a pressure source, a comparison must be made between the 
source impedance and the aortic input impedance. For aortic 
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impedance much greater than source impedance, a change in 
l oad impedance would result in little change in aortic 
pressure. Under such conditions the heart could be 
c onsidered a pressure source. For source impedance much 
greater than aortic impedance a change in load impedance 
wo uld result in little change in flow, thus the heart could 
be considered a flow source. The aortic valve was not 
i ncluded in the source impedance or in the aortic input 
i mpedance. For the o. c. case, if the valve is assumed to 
have negligible resistance, the source resistance and aortic 
i nput resistance can be compared to determine if the left 
ventricle functions as a pressure source or a flow source. 
c . Methods 
1. Experimental Procedure 
Two hundred and 
performed on two adult 
eleven experimental runs were 
mongrel dogs. The animals were 
pen tobarhital (25 mg /kg IV) and a nesthetized with sodium 
artificially ventilated. The chest was opened through the 
f orth intercostal space. Millar catheters were introduced 
i n the left ventricle through the apex and in the ascending 
aorta through the carotid artery. A Biotronex 
electromagnetic flow probe was placed around the aorta near 
its origin and attached to a Biotronex BL610 flowmeter. A 
cylindrical intraaortic balloon was placed in the d~scending 
aorta via the femoral artery. Left ventricular pressure, 
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aortic pressure, and aortic flow were simultaneously 
recorded (Figure 3.2). 
Two different ventricular load conditions were 
obt ained by using the intraaortic balloon in the following 
ma nner: In one procedure, hemodynamic data were recorded 
under steady state conditions over several heart cycles with 
the balloon deflated. This provided data for one load 
condition. 
beginning 
was left 
The balloon was then inflated precisely at the 
of diastole, partially occluding the aorta. It 
inflated for a few heart beats. The hemodynamic 
data recorded during the first heart cycle with the balloon 
inflated were used for the second load condition. 
Experimental runs utilizing this procedure were termed 
"LOW-HIGH" runs (Figure 3.3). 
In the second procedure, the balloon was inflated 
f or several minutes until the system became stable and 
he modynamic parameters reached a steady state. Hemodynamic 
parameters were recorded for several heart beats providing 
data for one load condition. The balloon was then deflated 
precisely at the end of diastole. Hemodynamic data recorded 
d uring the first heart cycle with the balloon deflated were 
used for the second load condition. Experimental runs 
utilizing this procedure were termed "HIGH-LOW" runs. 
Since compensatory mechanisms tend to change left 
ventricular function in response to changes in the systemic 
load, it was essential to consider hemodynamic data before 
such changes occurred. consequently, hemodynamic data 
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during only the first heart cycle following the change in 
load were used to calculate the model parameters (17). 
In addition, a few times during the experiment, 
aortic pressure and flow were recorded for a few heart 
cycles with the balloon deflated. This provided data for 
the calculation of aortic input impedance. 
Four experimental preparations were utilized in the 
st udy: 1) control (C) ; 2) cholinergic and beta-adrenergic 
blockade (B), obtained using atropine sulfate (3.0 mg/kg) 
and propranalol hydrochloride (1. 5 mg/kg) (18-20) 3) acute 
myocardial ischemia (MI) , induced by ligation of all major 
branches of the anterior descending coronary artery; and 4) 
a combination of myocardial ischemia and blockade (MI+B) . . 
Data were obtained from DOG 1 for the (C), (B), and (MI+B) 
preparations and from DOG 2 for the (C) and (MI) 
p reparations. 
2. Data Analysis 
Data were digitized on line at a rate of 120 
s amples per second and stored. Typical time domain data 
collected for a "LOW-HIGH" run are displayed in Figure 3.3. 
Fourier analysis was performed on the data off line. 
Frequency domain data were corrected with respect to 
instrument frequency response and for the distance between 
aortic flow and pressure measurement sites (21). 
The "steady state" cycles of flow and pressure were 
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averaged to provide one load condition. To assure that the 
"steady state" condition had been reached, and to remove the 
effect of any abnormal cycles from the "steady state" 
average, the following procedure was utilized. If the 
magnitude of the D.C. or fundamental component of any of the 
averaged cycles differed from their respective average by 
10% or more, or if the number of samples of any of the 
averaged cycles differed from the average number of samples 
by 53 or more, the cycle was discarded from the analysis. 
The remaining "steady state" cycles were reaveraged. This 
procedure was repeated until no cycles were discarded or 
until a minimum number of averaged cycles was reached. In 
the latter case, the analysis was stopped and the 
e xperimental run was not included in the results. 
The first heart cycle after the change of state was 
used as the second load condition. source pressure, source 
i mpedance and aortic 
f requency domain for 
impedance 
the D.C. 
were calculated in the 
component and for ten 
harmonics. In addition, left ventricular end-diastolic 
pressure (LVEDP} and mean aortic pressure of the "steady 
s tate" were determined for each run. 
Statistical significance for the differences of 
model parameters between groups was determined using 
Student's t-test. 
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o. Results 
Typical results for source pressure and source 
im pedance are shown in Figure 3.4 and Figure 3.5 for the 
o.c . and seven harmonics. Higher harmonics than the seventh 
were neglected because of large errors due to 
in strumentation uncertainties and scatter of the physiologic 
data. In the present work, only the D.C. and fundamental 
co mponents of the model parameters were studied in detail. 
The D.C. and fundamental components of the model 
parameters were averaged for each experimental preparation 
i n each dog. The results are tabulated with standard errors 
a nd P values representing significant difference from 
control (C) in Table 3.1 and Table 3.2. For both the 
" HIGH-LOW" and "LOW-HIGH" runs, the D.C. and fundamental 
c omponents of the source pressure for the B, MI, and MI+B 
g roups are significantly lower than the respective 
c omponents for the control group. The D.C. and fundamental 
c omponents of the source impedance for the B, MI, and MI+B 
groups show no consistent significant differences from the 
c ontrol group. It can be seen from Table 3.1 and Table 3.2 
t hat the model parameters for the "HIGH-LOW" runs are in 
general higher than the respective parameters for the 
" LOW-HIGH" runs. The LVEDP of the "HIGH-LOW" runs are also 
higher than those of the "LOW-HIGH" runs. 
In order to study how the model parameters vary 
over a wide range of LVEDP, the results of the "HIGH- LOW" 
and "LOW-HIGH" runs were pooled. A linear regression was 
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performed on the D.C. components of the model parameters vs. 
LVEDP. The results of the linear regression, including 
correlation coefficients, are displayed in Table 3.3. The 
slopes of the lines for the D.c. components of source 
pressure 
r-e latively 
and source impedance are all positive with 
high correlation coefficients (Figures 3.6, 3.7, 
3. 8, 3.9). Poor- correlation to a linear regression was 
fo und for the fundamental components of the model 
parameters. 
Linear regressions were also performed for mean 
ao rtic pressure vs. LVEDP. These results are displayed in 
Table 3.4. 
re latively 
3. 11). 
The 
high 
slopes of the lines are all positive with 
correlation coefficients (Figures 3.10, 
The source pressure was reconstructed in the time 
domain by inverse Fourier analysis. Typical results are 
displayed in Figure 3.12 and Figure 3.13. 
Aortic input impedance was compared to the source 
i mpedance. Typical results are displayed in Figure 3.14 for 
t he D.C. and seven harmonics. 
E. Discussion 
The representation of the left ventricle as a 
s ource pressure in series with a source impedance has been 
tested on isolated heart preparations and in-vivo. The 
parameters appear to be responsive to cardiovascular changes 
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such as MI and increased LVEDP. It has been suggested that 
source pressure expressed in the time domain be used as a 
myocardial contractility index (22). By comparing source 
i mpedance and aortic impedance the pump characteristics of 
the left ventricle can be determined. 
1. Model Parameter Response to Cardiovascular Changes 
In a recent study the Thevenin equivalent 
representation was applied to isolated cat hearts. The 
purpose was to determine how the model parameters change 
after coronary occlusion (15). It was determined by that 
investigation that subsequent to acute ischemia there 
occurred a significant decrease in the D.C. component of 
s ource pressure with no significant change in the D.C. 
co mponent of source impedance. The present study indicates 
similar results when the model is applied to dog hearts, 
i n-vivo. In addition, a significant decline in the 
f undamental component of source pressure was found after MI. 
Al though significant changes in some groups for both the 
D.c. and fundamental components of source impedance were 
o bserved, no consistent trend can be reported. 
Elzinga et. al. also studied the changes in model 
parameters with changes in LVEDP in isolated cat hearts 
(14). They varied the preload on the heart at constant 
a fterload and determined that increases in LVEDP cause an 
i ncrease in the D.c. component of source pressure with no 
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significant change in the D.c. component of source 
impedance. When studying the heart in-vivo, it is not 
possible to segregate the effects of preload and afterload. 
Therefore, in the present work the preload to the heart 
could not be varied at constant afterload as was done in the 
isolated heart study. The model parameters were studied as 
a function of LVEDP without maintaining constant afterload. 
The results confirm Elzinga's observation regarding the 
de pendence of the D.C. component of source pressure on 
LV EDP. Furthermore, the results of the present study show 
that this relationship is approximately linear. The other 
observation by Elzinga et. al., that the D.C. component of 
source impedance is not a function of LVEDP, was not 
confirmed in this study. Instead, it was observed that they 
are also approximately linearly related. 
It was shown in isolated cat hearts that the D.c . . 
c omponent of source pressure which had been decreased by 
coronary occlusion could be restored to its control value by 
i ncreasing LVEDP (15). The D.C. component of source 
im pedance did not change with coronary occlusion or with 
s ubsequent increase in LVEDP. Consequently, Elzinga et. al. 
c oncluded that in the isolated heart preparation, the D.C. 
c omponents of the parameters cannot be utilized to 
differentiate between the normal and the compensated heart 
(15). In contrast to Elzinga's work, the results of the 
present work indicate that an increase in LVEDP following 
myocardial ischemia in-vivo, would restore the D.C. 
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component of source pressure but would simultaneously raise 
the D.c. component of source impedance. Thus, in-vivo, the 
heart undergoing compensation after MI by increased LVEDP 
could be differentiated from the normal heart by its 
e levated D.C. component of source impedance. 
2. LVEDP as a Function of Mean Aortic Pressure 
It has been reported that an increase in coronary 
perfusion pressure is accompanied by an increase in left 
ventricular diastolic pressure (23) . A similar observation 
i s noted with increased aortic end-diastolic pressure (15). 
I n the present work, LVEDP was found to be an almost 
l inearly increasing function of mean aortic pressure. In 
t he "HIGH-LOW" runs, the aorta was partially occluded during 
t he "steady state" by the inflated balloon. This caused an 
e levated mean aortic pressure which in turn caused an 
e levated LVEDP. Therefore, the D.C. components of the model 
parameters, apparently dependent on LVEDP, are higher for 
" HIGH-LOW" runs than for "LOW-HIGH" runs. 
3. Time Domain Source Pressure 
has been 
This led 
The rate at which left ventricular pressure rises 
recognized as indicative of the inotropic state. _ 
to the use of peak dp/dt as a contractility index 
( 24) • More recently, dp/dt during isovolumic contraction 
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was shown to be a useful index of cardiac contractility 
( 25) • 
In a clinical environment, it may be difficult to 
study the short isovolumic phase of the cardiac cycle. It 
ma y be difficult and deleterious to completely occlude the 
aorta in order to study an isovolumic heart cycle. The time 
domain source pressure waveform may provide a convenient 
means of observing the isovolumic contractility indices. 
To evaluate the status of the left ventricle, the 
source pressure could be determined from measurements of 
left ventricular pressure 
inverse Fourier transform 
and aortic flow. Utilizing 
the source pressure could be 
displayed in the time domain. Since the source pressure is 
e quivalent to left ventricular pressure under zero flow 
c onditions, the time domain source pressure is equivalent to 
t he left ventricular pressure waveform that would be 
generated by an isovolumic heart cycle •. . Thus, utilizing the 
s ource pressure an entire isovolumic heart cycle may be 
s tudied without total occlusion of the aorta. 
The time domain source pressure waveforms indicate 
t hat denervation caused dp/dt to decline and subsequent MI 
caused a further decline (Figure 3.12). MI without 
denervation caused a decline in dp/dt (Figure 3.13). These 
results indicate the potential usefulness of dp/dt of the 
time domain source pressure as a contractility index. 
It has been suggested that myocardial infarction 
interferes with the normal excitation-contraction linkage 
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(2 6}. Infarcted myocardium may not be able to contract and 
in teracts with healthy tissue in a passive manner. The 
presence of "passive" tissue within the myocardial infarcted 
l eft ventricle may be the cause of decreased dp/dt during 
contraction. 
4. The Heart as a D.C. Pressure Source 
Elzinga et. al. reported that for the isolated cat 
heart preparation, the source resistance is the same order 
o f magnitude as the systemic peripheral resistance (14). 
The results of the present study indicate substantial 
differences between those parameters in-vivo. Values for 
s ystemic peripheral resistance calculated in the present 
s tudy are close to those previously reported for dogs (16} . . 
The values for systemic peripheral resistance calculated 
herein are, however, about an order of magnitude greater 
t han the source resistance calculated in the present study 
(Figure 3.14}. Thus, for the D.C. case, the results suggest 
t hat the heart is functioning as a pressure source. This is 
i n agreement with the results of previous work which 
utilized in-vivo dog heart preparations (27). A limitation 
to any in-vivo preparation is its susceptibility to neural 
responses. However, the results of the present work suggest 
that even in the denervated group (B) the left ventricle 
functions as a pressure source for the D.C. case. 
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Table 3.1. Model parameters and left ventricular 
en d-diastolic pressure, "HIGH-LOW" runs. 
N - number of runs 
SEM - standard error 
D. C. - D.C. component of model parameters 
FU ND - fundamental component of model parameters 
P - significant difference level 
with respect to control 
NS - not significant 
LVEDP SOURCE PRESSURE (mm hg) 
DOG GROUP N MEAN SEM D.C. SEM p FUND SEM 
···-·· 
1 c 14 14.46 0.47 79.33 1.08 - 80.71 0.73 
-·~- ·---
·- · 
1 B 24 21.68 0.26 60.61 1.15 .001 51.56 0.92 
---
1 MltB 18 20.12 0.26 50.43 0.71 .001 44.10 0.54 
2 c 22 21.67 0.43 72.98 1.50 - 59.45 1.66 
-
2 MI 29 20.59 0.15 65.02 1.17 .001 49.89 0.77 
Table 3.1 
p 
-
.001 
.001 
-
.001 
SOURCE IMPEDANCE (dyne*sec/cm**5) 
D.C. SEM p FUND SEM p 
-~-· - - ·· · ·- - - -
541. 72 14.45 
-
480.64 36.83 -
511.64 6.02 .05 356 .11 49.64 NS 
598.19 16.24 .025 306 .17 22.23 NS 
460.99 12.70 - 893.63 33.89 -
-
495.12 10.06 .05 797.76 30.99 .05 
"O 
QI 
~ 
w 
0 
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Table 3.2. Model parameters and left ventricular 
end-diastolic pressure, "LOW-HIGH" runs. 
N - number of runs 
SEM - standard error 
D.C. - n.c. component of model para~eters 
FUND - fundamental component of model parameters 
P - significant difference level 
with respect to control 
NS - not significant 
LVEDP SOURCE PRESSURE (nm hg) 
DOG GROUP N MEAN SEM D.C. . SEM p FUND SEM p 
1 c 13 10.20 0.36 57.31 0.81 
-
68.53 1.00 
-
1 B 23 15.16 0.26 48.79 0.63 .001 50.82 0.69 .001 
1 Ml+ll 19 14.91 0.27 44.19 0.61 .001 45.16 0.53 .001 
... _ .... _ .. ._ 1---=-i-
-
2 c 23 10.15 0.25 49.66 0.84 
-
60.29 1.01 
-
2 MI 26 13.71 0.35 47.21 0.60 .025 49.85 0.71 .001 
Table 3.2 
~ 
SOURCE IMPEDANCE (ctyne*sec/cm**5) 
D.C. SEM p FUND SEM p 
157.09 38.17 
-
400.78 54.27 -
188.60 6.44 NS 323.63 13.68 NS 
356.51 20.00 .001 414.67 25.54 NS 
-
221.05 17.23 
-
526.55 27.71 
-
216.82 15.88 NS 644.64 25.34 .005 
"C 
°' ~ 
w 
N 
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Table 3.3. Model parameters vs. left ventricular 
end-diastolic pressure, "HIGH-LOW" and ''LOW-HIGH" 
runs. 
DC - D.C. component of model parameters 
N - number of runs 
R - regression coefficient 
r - correlation coefficient 
DOG GROUP N LVEDP RANGE(nrn hg) 
1 c 27 8.1-17.0 
1 a 47 12.7-24.0 
1 MI+B 37 13.5-22.2 
2 c 45 8.5-25.6 
2 MI 55 10.2-22.5 
SOURCE PRESSURE DC 
R(mn hg/mm hg) r 
3.99 .889 
1.86 .877 
I 
1.26 .855 
2.08 .965 
2.33 .844 
Table 3.3 
SOURCE IMPEDANCE DC 
R(dyne*sec/cm**5)/(nm hg) 
68.66 
44.19 
34 .63 
20.61 
34.26 
r 
.824 
.939 
.685 
.885 
.819 
"'C 
Ill 
~ 
w 
~ 
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Table 3.4. Mean aortic pressure vs. left 
ventricular end-diastolic pressure, "HIGH-LOW" and 
"LOW-HIGH" runs. 
N - number of runs 
R - regression coefficient 
r - correlation coefficient 
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MEAN AORTIC PRESSURE 
DOG GROUP N LVEDP RANGE(mm hg) R(rrm hg/ITl11 hg) r 
1 c 27 8.1-17.0 4.93 .886 
1 B 47 12.7-24.0 2.92 .835 
l MI+B 37 13.5-22.2 1.31 .638 
.J.. 
2 c 45 8.5-25.6 3.29 .981 
2 MI 55 10.2-22.5 3.84 .844 
Table 3.4 
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Figure 3.1. Thevenin's equivalent circuit. 
PG - source pressure 
ZG - source impedance 
PL V - left ventricular pressure 
Q - aortic flow 
PAO - aortic pressure 
ZAO - aortic input impedance 
I 
I 
I 
I 
I 
I 
I 
__ _J 
Figure 3.1 
AORTIC 
.VALVE 
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Figure 3.2. Experimental setup. 
LEFT VENTRICULAR PRESSURE 
ELECTROMAGNETIC 
FLOWMETER 
AORTIC PRESSURE 
COROTIO _/AORTA 
RECORDING 
EQUIPMENT 
ARTERY , 
ft£~~ 
BALLOON 
Figure 3 .2 
SOLENOID 
VALVE 
page 40 
TRIGGER 
PULSE FROM 
EKG 
HELIUM 
page 41 
Figure 3.3. Typical experimental data recorded 
f or a "LOW-HIGH" run. 
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Figure 3.4. Typical source pressure (magnitude), 
"LO W-HIGH" runs, Dog 2. 
control run (C) 
- - - - (MI) run 
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Figure 3.5. Typical source impedance (magnitude), 
"LOW-HIGH" runs, Dog 2. 
control run (C) 
(MI) run 
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Figure 3.6. Source pressure vs. left ventricular 
end-diastolic pressure, Dog 1. 
N - control run (C) 
D - (B) run 
X - (MI+B) run 
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Figure 3.7. Source pressure vs. _left ventricular 
end-diastolic pressure, Dog 2. 
N - control run (C) 
o - (MI) run 
page 50 
,,... 
w 
I-
~ 0 c:> 
(/) z .,; 
z "' >- z 0 
a: z w 
I-
CJ) 
I 0 
. o~ 
0 
a.. 0 c 0 . c 0 "" 
w 
> ...... 0 . . 
. 
_J c a.. 
""' ..... ~ ci 0 0 f 
c 
. . ~ 
" 
~w en 
> -z LI.. 
. 
_J 
0 
... 
0 
z 
"' ~
E 0 0 
0. 
.= .,; 0."' 
"'0 
e;. .. 
"' 
f 
N ux "' .. 
"' t.!I I I f 8 zo <>. 
u 
. 
0 
oo ·oa oo ·as oo ·ah oo ·a~ 
3~fflSS3Cld 3Je1nos 
page 51 
Figure 3.8. Source impedance vs. left ventricular 
end-diastolic pressure, Dog 1. 
N - control run (C) 
D - (B) run 
X - (MI+B) run 
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Figure 3.9. Source impedance vs. left ventricular 
end-diastolic pressure, Dog 2. 
N - control run (C) 
o - (MI) run 
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Figure 3.10. Mean aortic pressure vs. left 
ventricular end-diastolic pressure, Dog 1. 
N - control run (C) 
D - (B) run 
X - (MI+B) run 
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Figure 3.11. Mean aortic pressure vs. left 
ventricular end-diastolic pressure, Dog 2. 
N - control run (C) 
o - (MI) run 
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Figure 3.12. Source pressure displayed in the 
time domain, Dog 1. 
N - control run (C) 
D - ( B) run 
X - (MI+B) run 
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Figure 3.13. Source pressure displayed in the 
time domain, Dog 2. 
N - control run (C) 
o - (MI) run 
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Figure 3.14. Comparison between the magnitudes of 
aortic impedance and source impedance. 
aortic input impedance 
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CHAPTER IV 
* TIME DOMAIN REPRESENTATION OF THE LEFT VENTRICLE 
A. Introduction 
Studies of cardiac mechanics have been classified 
into three broad groups (28). one group of studies is 
concerned with the "microscopic" experimental approach to 
cardiac mechanics~ Results of studies from this group 
include elucidation of the structure and function of the 
sarcomere, the myofibril, cardiac cells and muscle fibers 
(29-33) • Ano~her group is concerned with the "macroscopic" 
experimental approach to cardiac , mechanics. Results of 
studies from this group include the quantification of 
myocardial tissue properties, such as the stress-strain 
re lationship of myocardium (34,35). The third group is 
concerned with a theoretical approach involving the analysis 
of mathematical models. For instance, the frequency domain 
models of the left ventricle (11-13) are included in results 
of studies from this group. 
* Portions of this research were presented at the Fifth New 
England Bioengineering Conference in Durham, New Hampshire, 
April, 1976. 
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The purpose of this research is to develop a 
quantitative description of left ventricular function. 
Tec hniques and information from the three groups of cardiac 
mechanics studies are us€d. That is, a mathematical model 
of the left ventricle is presented which utilizes 
macroscopic information obtained from the left ventricle 
in-vivo and from myocardium in-vitro and which is consistent 
wit h microscopic cellular mechanics. 
A major problem in applying cellular mechanics to 
the entire left ventricle arises due to the asynchrony of 
excitation of the left ventricle (36). The fibers of the 
left ventricle do not contract in a uniform fashion. During 
isovolumic contraction some fibers are shortening while 
others are being stretched (37) • 
Another major problem arises due to the fact that 
the load against which the left ventricle contracts is a 
co mplex function of time (36). This load contains inertial, 
fr ictional and elastic components (38). 
Pressure generated within the ventricular chamber 
is a function of the geometry of the left ventricle and the 
stress developed within the ventricular wall. For a given 
myocardial stress, 
fu nction of the 
the intraventricular pressure is a 
chamber radius (3) and the wall thickness 
( 39) • The distribution of stresses in the left ventricular 
wa ll is not only a function of fiber tension but also of the 
s patial orientation of the fibers (5) . 
Hence, an understanding of the relationship between 
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f orces of contraction in muscle fibers to the pressures and 
f lows generated by the left ventricle requires detailed 
i nformation such as fiber orientation, wall curvature, 
s equence of contraction, wall thickness (40) 
ventricular afterload (36) • 
and left 
The mathematical model presented here was developed 
with consideration of the above concepts as they pertain to 
t he healthy left ventricle. Results of the simulated 
c ardiac cycle are shown. With alterations in model 
parameters (as may be indicated by microscopic and 
macroscopic studies on infarcted myocardium) a refinement of 
t he model should be capable of describing the function of a 
l eft ventricle containing myocardial infarct. 
B. The Model 
1. Geometric Formulation of the Model 
The left ventricle was modeled with the constraint 
t hat the endocardial and epicardial surfaces can be 
r epresented by truncated confocal ellipsoids (4,28,41). 
This representation conforms to the cutoff eggshell shape of 
t he left ventricle and accounts for the spatial variation in 
l eft ventricular wall thickness. Due to the symmetry of the 
l eft ventricle (42) , the modeling ellipsoids can be 
c onsidered ellipses of revolution and can be studied in two 
dimensions. The equation of an ellipse (Figure 4.1) is 
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x2 + y2 = 1 ( 4-1) 
a2 b2 
where x = location of a point along the x-axis, 
1 = location of a point along the y-axis, 
2b = major axis, 
2a = minor axis. 
Th e volume of an ellipsoid is 
volume = 4'11'a2b 
3 
{ 4-2) 
The focal length (the distance from the center to either 
focal point) is 
(4-3) 
A confocal ellipse has the same focal length, 
( 4-4) 
where 2B = major axis, 
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2A = minor axis, 
and, 
(4-5) 
Hence, for confocal ellipsoids (Figure 4.1), 
(4-6) 
2. Evaluation of Constants 
In the present model the · ellipsoids are confocal 
only at end-diastole. The end-diastolic dimensions were 
c hosen as shown in Table 4.1 to be in the range of values 
used by other investigators (4,28). These investigators 
obtained end-diastolic dimensions from measurements on 
c anine left ventricles. 
The inner semimajor (b) and inner semiminor (a) 
axes were determined from equations (4-2) and (4-7) and the 
values of RATIO and VOLUME. 
RATIO = £ 
a 
b = a•RATIO 
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(4-7) 
(4-8) 
The value of RATIO used is given in Table 4.~. VOLUME is 
the volume contained by the intact ellipsoids. The value of 
VOLUME was such that the truncated ellipsoids contained the 
designated end-diastolic volume. 
VOLUME = ~a2b 
3 
a = ( 3 VOLUME)l/3 
4 irRATIO 
Thus, equations (4-8) and (4-9) 
(4-2) 
(4-9) 
were solved as two 
simultaneous equations in two unknowns, (a) and (b). The 
outer semiminor axis (A) was determined from the value of 
THICK (Table 4.1) and the inner semiminor axis (a): 
THICK = A - a (4-10) 
A = THICK + a 
page 71 
(4-11) 
The outer semimajor axis was determined from equation (4-6) : 
b2 - a2 = s2 - A2 (4-6) 
B = (A2 + b2 - a2)~ ( 4-12) 
With constants (a) and (b) evaluated, given a y dimension 
(y1) , the corresponding x locations of two points on the 
i nner ellipsoid (x1, -x1) were determined from equation 
( 4-1) (Figure 4. 1) • Likewise, the corresponding x locations 
on the outer ellipsoid (x2, -x2) were found from equation 
(4-5) utilizing the values of (A) and (B) (Figure 4.1). 
The ellipsoids were truncated at the "basal plane" 
a s specified by the value of TRCTNC (Table 4.1, Figure 4.1) • . 
The truncated ellipsoids were divided into cylindrical 
s hells of equal height (Ay). The y location of the midpoint 
o f each shell ( A y /2} was determined. The end-diastolic 
i nside and outside radii of each cylindrical shell were 
determined by finding the x locations on the inner and outer 
e llipsoids corresponding to the y locations of the midpoint 
o f each shell (Figure 4.2). The inside end-diastolic radius 
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(r(ed)) and the end-diastolic shell thickness (h(ed)) were 
determined for each cylindrical shell from the end-diastolic 
i nside and outside radii. The resulting end-diastolic 
configuration of the left ventricle is displayed in Figure 
4.3. 
In addition to the end-diastolic geometric 
c onstraints, other specifications for the model were the 
t otal number of cylindrical segments, the end-diastolic 
pressure, cardiac output, heart rate, duration of isovolumic 
contraction and duration of ejection. 
3. Assumptions Used in the Analysis 
1) The ventricular chamber has a uniform pressure 
distribution at end-diastole. 
2) Stress is circumferential and uniform throughout the 
wall of each cylindrical shell. 
3) The strain in the wall of each cylindrical shell can be 
represented by the strain at the midwall of the shell. 
4) Blood is an incompressible, Newtonian fluid. 
5) Flow through each cylindrical shell is laminar and 
unidirectional. 
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6) The cylindrical shells contract sequentially, beginning 
at the ventricular apex. 
7) The shells contract until a given stroke volume is 
produced, the radius of each shell changes sinusoidally and 
in proportion to the end-diastolic radius of the shell. 
8) If the radius of a cylindrical shell reaches its 
end-systolic radius before the other shells have completed 
contraction it remains at that radius until all the shells 
re ach their end-systolic radii. 
9) During contraction, the inertia of the myocardium is 
negligible compared to forces generating static pressure • . 
10) The volume of cardiac muscle is conserved during 
contraction. 
11) During isovolumic contraction, the volume of blood 
displaced by contracting shells is distributed in the shells 
of relaxed myocardium such that equal strain is produced in 
t he passive shells. 
4. Dynamics of the Model 
a) Method of Contraction 
Stress in the cylindrical shells was assumed to be 
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circumferential. In consequence, contraction of the 
cylindrical shells is circumferential and there is no 
s hortening of the left ventricle along the longitudinal axis 
during the simulated cardiac cycle. Whenever the radius of 
a cylindrical shell changes from its end-diastolic radius 
(r (ed)), the wall thickness of the shell is adjusted from 
its end-diastolic value (h(ed)) to conserve the volume of 
t he shell wall. The volume of the shell wal+ is 
Vm = 11'(r(ed) + h(ed)J26y - 11'(r(ed))26y ( 4-13) 
where 
Vm = volume of the shell wall. 
Fo r conservation of volume at any radius, r, different from 
r(ed) the wall thickness, h, is adjusted from h(ed) so that: 
( 4-14) 
which reduces to, 
h2 + 2rh - (2r(ed)h(ed) + h(ed)2) = 0 
and solving for h, 
where 
k h = -r + (r2 + (2r(ed)h(ed) + h(ed)2)) 2 
r = the new inside radius of the shell 
h = the adjusted wall thickness. 
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(4-15) 
(4-16) 
To simulate the action of the left ventricle in the model, 
contraction is initiated in the cylindrical shells 
sequentially, beginning at the ventricular apex. 
b) Pressure-stress Relationship 
Throughout the cardiac cycle, stress in the wall of 
each cylindrical shell is related to the pressure within the 
shell by the law of Laplace (Figure 4.4). The pressure 
within each cylindrical shell exerts an outward force on the 
shell, such that, 
FORCE = PRESSURE·AREA = P(2r6y) (4-17) 
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which is opposed by the sum of the forces in the two shell 
walls, 
tFORCES = 2•STRESS·AREA = 2a(hAy) (4-18) 
where p = pressure within the shell 
r = inside radius of the shell 
Ay = height of the shell 
h = wall thickness of the shell from equation (4-16) 
a = stress in the wall of the shell. 
By equating these forces, an expression is obtained which 
relates wall stress to chamber pressure; 
P.2rAy = 2crhAy 
p = crh 
r 
c) Stress-strain Relationship 
( 4-1 9) 
(4-20) 
Until contraction begins in a cylindrical shell, 
t he shell mass exhibits the passive stress-strain properties 
o f myocardium. These properties were derived from a 
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stress-strain relationship for soft biological tissue (34): 
(4-21) 
whe re C1 = stress = force per unit cross-sectional area 
>. = strain = L/L (0) (4-22) 
L (0) = unstrained length of tissue 
L = strained length of tissue 
a,6 = constants. 
The constants evaluated by Weiss for canine myocardium (35) 
are : 
a = 3.0 
a = 5.0 rnn Hg 
d) Pressure-volume Relationship 
Cylindrical shells which are not contracting 
exhibit passive compliant properties representing the 
co mpliance of myocardium in the passive state. These 
properties were derived from the stress-strain relationship 
of myocardium and the pressure-stress relationship of the 
cylindrical shells. 
To establish the pressure-volume relationshi p of 
page 78 
the model, the unstrained configuration of the cylindrical 
shells had to be determined. Tissue length (L) is 
represented in the model by the midcircumf erence of the 
cylindrical shells; 
L = 211(r + h/2) (4-23) 
Stress in the wall of the shell at end-diastole (a (ed)) was 
determined from end-diastolic geometry and end-diastolic 
pressure ( P ( ed ) ) : 
a(ed) = P(ed)r(ed) 
h(ed) 
Tissue length at end-diastole (L(ed)) is 
L(ed) = 211(r(ed) + h(ed)/2) 
(4-20) 
(4-23) 
The unstrained length of tissue (L (0)) was determined by an 
iterative process utilizing equation (4-21); 
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o(ed) (4-21) 
I f the cylindrical shell contained volume, V(O), 
co rresponding to tissue length, L(O}, the walls of the shell 
would be unstrained and unstressed. The pressure within the 
shell would be zero. 
If a cylindrical shell contained a volume (V) 
greater than V(O), the walls of the shell would be strained. 
The volume contained by the shell: 
solving for r, 
v = -rrr2fly 
r = (.l.)~ 
1f/j.Y 
the adjusted wall thickness, 
h = -r + (r2 + 2r(ed)h(ed) + h(ed)2)~ 
(4-24) 
(4-25) 
(4-16) 
page 80 
and the strained tissue length, 
L = 21r(r + h/2) (4-23) 
where r,h, L = strained radius, thickness, tissue length, 
and , L >. = L(O) { 4-22) 
where >. = strain. 
Strain in the myocardium of the shell wall results 
in stress in the myocardium according to equation (4-21); 
a(>.2+2/>.-3) 
a = a(~2 - l/>.)e (4-21) 
The stress in the shell wall, in turn, results in pressure 
within the shell according to equation (4-20); 
p =_ah 
r 
( 4-20) 
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Hence, the volume in the shell is related to the 
compliant pressure in the shell according to the properties 
of the shell wall. 
e) Simulated Isovolumic Contraction 
Before opening of the aortic valve, each 
contracting shell exhibits wall stress equal to the stress 
de veloped by active cardiac muscle in isometric contraction. 
The value of isometric stress used was a value obtained from 
tests on papillary muscles (43) • The volume of blood 
expelled by the contracting shells is transfered to the 
shells which have not yet begun contracting. Distribution 
of the volume is in proportions that cause equal strain to 
the passive shells. The cylindrical shell corresponding to 
th e outlet of the left ventricle (the point of fixation to 
the cardiac skeleton) was constrained from expanding during 
isovolumic contraction. This area does narrow during 
ejection (4 2) • 
ventricular apex 
As the wave of contraction progresses from 
to ventricular base, additional segments 
de velop active stress and fewer segments exhibit compliant 
stress. Hence, during the simulated isovolumic contraction 
of the left ventricle, the end-diastolic volume is contained 
by the left ventricle but the geometry of the left ventricle 
changes. Left ventricular flow begins when all the shells 
a re contracting. 
de veloped active 
aortic valve is 
It is not until all the cylindrical shells 
stress that the pressure proximal to the 
greater than the pressure distal to the 
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valve. 
f) Simulated Ejection 
The cylindrical shells contract until the specified 
stroke volume is produced. If the radius of a cylindrical 
shell reaches its end-systolic radius before the other 
shells have completed contraction, it remains at that radius 
until all the shells reach their end-systolic radii. That 
is, no cylindrical shell contracts and returns to exhibiting 
passive compliant properties until ejection is completed . . 
This is similar to healthy left ventricular function in-vivo 
in which parts of myocardium do not relax during ejection. 
If such relaxation did occur during ejection, the healthy 
left ventricle would bulge in the vicinity of the relaxed 
my ocardium compromising cardiac output. 
Inertial forces generated within the ventricular 
chamber were determined by calculating the change in 
mc mentum produced by the contracting shells. 
(4-26) 
where 
...... Fr = inertial force 
D /Dt = material time derivative 
m = mass accelerated by the shell 
Assuming there is no change in the mass accelerated; 
..... F = m Q__(V) 
I Dt 
= m(av/at + V•VVJ 
= m( aV'/at + v av+ v av + v av) 
xax Yay Zaz 
= ma 
where a = acceleration 
av/Qt = local acceleration 
v•Vv = convective acceleration. 
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(4-27) 
( 4-28) 
(4-29) 
( 4-30) 
The flow through the cylindrical shells was assumed 
t o be laminar. In addition, the velocity of the fluid is in 
one direction (the y direction) ; 
FI = ('!!.L + ·. ~Vy) m at vr-ay- (4-31) 
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For simplification, keeping in mind the unidirectional 
velocity, let the velocity in the y direction equal v; 
F
1 
= m(~ + v~) 
at ay (4-32) 
Fo r analysis of the model, equation (4-32) was considered in 
finite intervals. Define x(i,j) as parameter (x) with 
respect to cylinder (i) at time (j) . Consider the inertial 
fo rce imparted to the fluid by cylinder (n} in one unit of 
time (Figure 4.5). The flow through the cylinder (n) at 
time (t-1) was known (QTHRU} from the previous geometry of 
the cylindrical shells. The flow through cylinder (n) 
changed from time (t-1} to time (t) by Q(n,t); 
where 
Now, 
Q(n,t) = ~6y(r(n,t-1)2 - r(n,t)2)/6t 
6 t = time (t) -time (t-1) • 
~~ • (v(n,t) - v(n,t-l))/6t 
v3V = v(n,t)(v(n-1,t) - v(n,t))/A.Y 
ay 
( 4-33) 
(4-34) 
(4-35) 
( 4-36) 
an d, 
v(n,t) = QTHRU + Q(n,t) 
irr(n,t) 2 
v ( n 't-1 ) = ___,Q"-TH_R_U _ 
irr(n,t-1) 2 
v(n-l,t) = QTHRU + Q(n,t) 
irr(n-l,t) 2 
m = p•Q(n,t)•At 
where p = density of blood. 
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( 4-37) 
( 4-3 8) 
(4-39) 
(4-40) 
So , combining equations (4-33) through (4-40), an expression 
fo r the inertial force generated ·by cylindrical shell (n) 
during the time interval from (t-1) to (t) is obtained: 
F (n,t) = p•Q(n,t)•At rrQTHRU+Q{n,t) _ QTHRU ) /At 
I L\ irr(n,t)2 1Tr(n,t-1)2 
+ QTHRU + Q(n,t) (QTHRU+Q(n,t)_QTHRU+Q(n,t)) /Ay] 
irr(n,t)2 1Tr(n-l,t)2 1Tr(n,t) 2 
( 4-31) 
The pressure developed (P(n,t)) as a result of the 
inertial force is 
P(n,t} = F1(n,t) 
1Tr{n,t) 2 
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( 4-41) 
Viscous forces generated within the ventricular 
c h amber were determined by applying the Hagen - Poiseuille 
equation to each cylindrical shell (44). A pressure 
gradient (~P) must be maintained in the direction of flow to 
overcome frictional forces. For laminar motion of a 
Ne wtonian fluid in a round cylinder, 
where 'I.If= viscosity of the fluid 
vA = average velocity in a plane 
perpendicnlar to the flow path 
1 = length of the cylinder 
r 0 = inside radius of the cylinder. 
(4-42) 
In the notation of the model, the pressure gradient required 
to overcome frictional forces in cylinder (n) at time (t) is 
= 8µv(n,t)~y 
r(n,t) 2 
(4-42) 
= 8~(QTHRU + Q(n,t))~y 
1rr(n, t) 4 
where ~ = viscosity of blood. 
5. Model Termination 
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( 4-4 3} 
The model was terminated at the aortic valve using 
data from the literature for canine aortic input impedance 
(Table 4.2). Aortic input impedance is defined as 
or , 
ZAO(w) = PAO(w) QAO(w) 
PAO(w) = ZAO(w)QAO(w) 
where ZAO = aortic input impedance 
PAO = aortic root pressure 
QAO = flow into the aorta 
w = angular frequency. 
( 4-44} 
(4-45} 
The flow produced by the model was converted from the time 
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domain to the frequency domain by Fourier transform; 
QAO(t)---- f.OURIER --- QAO(w) (4-46) 
where t = time. 
The complex frequency domain components of aortic pressure 
were found from equation (4-45) · and the data for aortic 
input impedance using phasor mathematics. That is, the 
magnitudes of the D.C. value and ten harmonics of aortic 
pressure 
magnitudes 
im pedance. 
were determined by taking the product of the 
of the corresponding harmonics of flow and 
The phase angles of the ten harmonics of aortic 
pressure were determined by taking the sum of the phase 
angles of the corresponding harmonics of flow and impedance. 
The frequency domain aortic pressure was then converted to 
t he time domain by inverse Fourier transform; 
PAO(w) FOURIER-l 
--- PAO(t) (4-47) 
6. Simulated Myocardial Infarction 
To simulate a left ventricle containing local areas 
of myocardial infarction, provision was made in the model to 
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ha ve designated segment/segments retain passive material 
characteristics throughout contraction. These segments do 
no t contract during the isovolumic contraction period. 
c. Results 
The 
segments. 
li terature 
model was tested utilizing ten cylindrical 
Parameters for the model were taken from the 
for a canine left ventricle (4,9,28,38,45-48) . . 
All experimental results used for comparison with model 
results were obtained from dogs unless otherwise specified. 
The constants for the end-diastolic geometry of the 
left ventricle were specified as shown in Table 4.1. Other 
specifications for the model were: left ventricular 
end-diastolic pressure, 6.0 mm Hg; cardiac output, 1.8 
liters/min.; heart rate, 141 beats/min.; duration of 
isovolumic contraction~ .050 sec.; and duration of ejection, 
.125 sec •• 
Figure 4.6 shows the shape of the left ventricle at 
end-diastole. It also shows the cylindrical shell 
approximation. 
The diastolic compliance of the left ventricular 
model was studied. The model of the left ventricle, assumed 
t o retain diastolic material properties, was given various 
i nternal static pressures. The resulting stress in the wall 
o f each shell was determined from the pressure-stress 
r elationship {equation (4-20)). The strain to the 
myocardium was found from 
(equation (4-21)). This 
radial locations of the 
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the stress-strain relationship 
strain was applied to various 
shell wall and, assuming 
conservation of volume 
i nternal volumes were 
r elationships obtained 
displayed in Figure 4.7. 
of the shell wall, the resulting 
calculated. The pressure-volume 
for the left ventricle model are 
Due to the asynchronous contraction of the 
cylindrical shells, the course of the radius and thickness 
of each shell is different over the simulated cardiac cycle . . 
Figure 4.8 displays the variation of inside diameter with 
time at four locations of the left ventricle. The 
corresponding changes of wall thickness are also displayed. 
The percent change of radius and thickness with respect to 
end-diastolic radius and end-diastolic thickness for the 
same four locations are listed in Table 4.3. The percent 
changes were determined for the maximum dimension change 
during the isovolumic contraction period, for the change at 
the end of the isovolumic contraction period, and for the 
change at the end of the ejection period. It should be 
no ted that an internal diameter at the apex of the left 
ventricle did not increase during the isovolumic contraction 
phase of the simulated cardiac cycle. This is because the 
apex is the first area of the left ventricle to be excited 
after the onset of contraction. As a result of excitation 
ea rly in the heart cycle, by the beginning of ejection the 
diameter at the apex was smaller than the end-diastolic 
diameter. 
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The blood mass expelled from the apex by the 
decrease in apical diameter over the isovolumic contraction 
period was moved toward the base of the left ventricle. 
Figure 4.8 also shows that an internal diameter at 
th e midpoint of the left ventricle increased slightly during 
the isovolumic contraction period, indicating that some of 
the blood mass expelled by the apex during this period was 
temporarily accomodated here. However, contraction began 
in this area a short time after contraction began at the 
ape x, resulting in a net decrease in diameter by the end of 
the isovolumic contraction period (Table 4.3). 
An internal diameter at the equator of the left 
ventricle began contracting later in the cardiac cycle than 
a diameter at the midpoint of the left ventricle. Hence, as 
illustrated in Figure 4.8 and Table 4.3, a diameter at the 
equator increased a greater percentage than one at the 
midpoint during isovolumic contraction accomodating more 
· blood mass expelled by contracting segments. Also, the late 
initiation of contraction resulted in a net increase in 
internal equatorial diameter during the isovolumic 
contraction period (Table 4.3). 
An internal diameter at the base of the left 
ventricle (the last section of the left ventricle to begin 
contracting} expanded the greatest percentage during 
i sovolumic contraction (Figure 4.8, Table 4.3). 
The variation of the outside diameter over the 
simulated cardiac cycle at the equator of the left ventricle 
a ppears 
percent 
in Figure 
changes of 
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4.9. Also shown in Figure 4.9 are the 
outside diameter with respect to 
end-diastolic outside diameter at the end of isovolumic 
c ontraction and at the end of ejection. 
The outline of the left ventricular chamber at 
t hree instances of the simulated cardiac cycle is displayed 
in Figure 4.10. Left ventricular flow and aortic pressure 
produced by the model are shown in Figure 4.11. 
The pressure distribution throughout the 
ventricular chamber was determined for different instances 
in the cardiac cycle. As the myocardium in the vicinity of 
the ventricular apex began contracting, pressures due to the 
active stress in the myocardium were developed in the apical 
area while pressures due to the compliance of the myocardium 
were generated in all the passive segments. As contraction 
progressed from the ventricular apex towards the aortic 
valve, - additional segments developed active stress and fewer 
segments generated compliant stress. The pressure 
distribution immediately before the opening of the aortic 
valve is displayed in Figure 4.12 • . During the ejection 
phase of the cardiac cycle, pressures were generated due to 
t he viscous and inertial forces within the left ventricle 
(Figure 4.13). 
To study the function of a left ventricle 
containing an area of myocardial infarct, a cylindrical 
s hell near the apex of the left ventricle (segment number 7) 
was constrained to display only passive characteristics of 
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myocardium throughout the cardiac cycle. This segment did 
not contract during the isovolumic con traction period. The 
resulting pressure distribution and geometric configuration 
at the end of the isovolumic contraction period is shown in 
Figure 4.14. 
D. Discussion 
This 
developed by 
t hrough the 
representation of the left ventricle was 
simulating the dynamics of the left ventricle 
cardiac cycle. The model emphasizes the 
s ynergism of the cardiac muscle mass by considering the mass 
divided into discrete sections. The constraints imposed on 
the dynamics of the sections and on the relationship between 
the sections are supported or indicated by physiologic 
ob s~rvations. 
t he model are 
(Figure 4.11) . . 
The pressure and flow waveforms produced by 
similar to those · measured experimentally 
The pressure distribution in the left 
ventricular chamber throughout the cardiac cycle is such 
that blood tends to move towards the aortic valve (Figures 
4. 12, 4.13). The timing and sequence of cardiac contraction 
assumed in this model and the resulting geometric changes 
a re responsible for establishing and maintaining the 
o bserved pressure distribution within the chamber. 
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1. Model Assumptions and Constraints 
The end-diastolic constraints presented in Table 
4. 1 for the Dieudonne and Streeter left ventricular models 
we re 
The 
the 
the 
obtained from measurements on canine left ventricles • . 
values used for the model presented here were chosen in 
range of the Dieudonne and Streeter values. However, 
values of end-diastolic volume used by Dieudonne and 
Streeter differ significantly; 35.0 and 52.4 cc., 
respectively. In the present model an end-diastolic volume 
of 35.0 cc. was chosen. This value is in agreement with 
data from other investigators (9,46). 
The muscle fibers in the wall of the left ventricle 
are mostly oriented circumferentially . . The proportion of 
fibers angled less than 22.5 degrees from the circumference 
to those angled more than 22.5 degrees from the 
circumference is 10:1. The ratio is smaller at the apex of 
the left ventricle. (5) Hence, circumferential stress 
predominates over longitudinal stress in 80% of the left 
ventricular wall (49) • 
In the model, stress is assumed to be 1003 
circumferential. . The dynamics of the model are affected in 
t wo ways by this assumption. First, due to the lack of 
l ongitudinally oriented muscle fibers, there occurs no 
s hortening of the left ventricle along the longitudinal axis 
d uring the simulated cardiac cycle. The constraint that the 
l eft ventricle does not shorten along its longitudinal axis 
d uring contraction is a close approximation to the action of 
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the left ventricle in-vivo. The left ventricle incurs no 
change in length during isovolumic contraction (9,50-53) and 
a small shortening during the ejection phase of the cardiac 
cycle (7% (9), 5-7% (54), 4. 7% (55), 4. ~3 (53), <1% (42,51) • . 
To allow a longitudinal shortening of this left ventricular 
model would complicate the analysis. The small shortening 
o f the left ventricle found in-vivo does not seem to justify 
t hat complication. 
The circumferentially oriented muscle fibers 
encompass a smaller radius than longitudinally oriented 
fi bers. Therefore, by the law of Laplace circumferentially 
oriented fibers generate higher chamber pressures than 
longitudinally oriented fibers. Bence, the second effect of 
the assumption of 100% circumferentially oriented muscle 
fibers could be exaggerated ventricular chamber pressures 
produced by the model. This effect is discussed further in 
the section on Chamber Pressure Distribution. 
Conservation of myocardial volume during 
contraction was assumed in the model. The volume change 
r e ported for skeletal muscle undergoing contraction was less 
than .01% (56). It is likely that the volume of cardiac 
muscle is similarly conserved during contraction. 
Contraction by the cylindrical shells was assumed 
t o be sequential, beginning at ventricular apex. As 
i ndicated by the application of epicardial leads onto the 
l eft ventricle, the spread of excitation is upward and 
t oward the left (57) • By insertion of intramural 
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electrodes, it was shown that the epicardial excitation 
pattern reflects the movement of the intramural excitation 
wave (58} • The above tests were performed on human left 
ventricles. Intramural excitation patterns are similar in 
hum an and canine hearts (59) . The result of this excitation 
pa ttern is that a "peristalticlike" wave of contraction 
begins at the apex of the left ventricle and moves toward 
the outflow tract (60). A peristalticlike wave of 
contraction is simulated in the model by the sequential 
cont raction of the shells. 
The Laplace relationship was derived assuming 
couditions of static equilibrium, which is not correct for a 
bea t ing ventricle. That is, the forces on either side of 
equation (4-19) are not equal, but differ by the force 
req uired to accelerate the ventricular wall. _ However, it 
has been shown that the forces due to inertia of the 
ventricular wall are less than 1% of the wall force 
de veloping static pressure (61). In the present model, the 
force required to accelerate the myocardium during 
contraction was determined. This was accomplished by 
calculating the product of the mass of the shell wall and 
the acceleration of the center of mass of the shell wall for 
each instant in the simulated cardiac cycle (see Appendix 
E) • The inertial force due to acceleration of the 
myocardium was always less than 1.93 of the force generating 
static pressure. Therefore, the Laplace relationship 
ap pears to be a good approximation in analysis of the left 
page 97 
ventricle. 
The pressure-volume relationship derived from using 
t he midwall strain to relate pressure and volume is 
displayed in Figure 4.15. Also displayed in Figure 4.15 is 
a left ventricular pressure-volume relationship obtained 
experimentally on excised canine hearts (45). The 
similarity of these data indicate that the strain at the 
midwall of the shell can be used in this model to relate 
pressure and volume within the ventricular chamber. 
The radius of each shell changes sinusoidally. 
Results from numerous investigators who used various 
techniques to monitor left ventricular diameter indicate 
that the change in left ventricular diameter during 
contraction is approximately sinusoidal (Figure 4.16). The 
radius of each cylindrical shell changes in proportion to 
the end-diastolic radius of the shell • . The ventricular wall 
is composed essentially of a rin~ of sarcomeres, hence a 
percentage change in sarcomere length will be reflected by 
the same percentage change in circumference (46). For a 
specific state of cardiac contractility, therefore, it does 
not seem unreasonable to assume that the sarcomeres in 
di fferent cylindrical shells contract the same percentage 
and this is reflected by the radii of the shells shortening 
t he same percentage of their respective end-diastolic radii • . 
The rationale to the radii of the cylindrical 
s hells contracting a given percentage of their respective 
e nd-diastolic radii has been discussed. It should be noted 
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that the radii do so regardless of events during the 
isovolumic phase of the cardiac cycle, during which 
geometric changes to the left ventricle occur. In support 
of this characteristic of the model, there is evidence that, 
at a particular cardiac contractility, the left ventricle 
returns to the same end-systolic dimensions regardless of 
end-diastolic dimensions (62) • This property of the left 
ventricle may be a reflection of a property of isolated 
cardiac muscle. For isolated cardiac muscle the relation 
between length and tension at maximum contraction is largely 
independent of initial muscle length (63). 
The constraint that any shell 
end-systolic radius remains in active 
reaching its 
tension until 
contraction in all the shells is completed is justified by 
consideration of physiologic data. It has been shown on 
do gs that duration of cardiac action potential varies with 
heart rate, ranging from 250 msec. at a heart rate of 60 
beats/min. to 150 msec. at a heart rate of 300 beats/min • . 
(6 4) . The fall of tension in the myocardium is more or less 
coincident with the end of the action potential (65). 
He nce, in the model, if the duration of isovolumic 
contraction plus the duration of ejection were chosen to be 
less than duration of action potential at a specific heart 
ra te, tension would not cease in the myocardium of any shell 
before ejection was completed. Herein, the heartrate was 
s pecified at 141 beats/min •• This corresponds to duration 
of an action potential (and maintainance of an active state) 
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of 200 msec. (64). The sum of the specified duration of the 
isovolumic phase and the specified duration of the ejection 
phase of the simulated cardiac cycle is 175 msec •• 
Accordingly, tension would not fall in any shell until after 
ejection is complete. 
Abnormal left ventricular function could be caused 
by local areas of malfunctioning myocardium interacting with 
other areas of completely normal muscle (26) • An area of 
damaged (infarcted) myocardium could result from occlusion 
to the coronary artery supplying blood to the area. The 
muscle may be structurally normal but unable to contract due 
to interference with the excitation-contraction linkage 
(i. e. changes to 
changes to the 
the sarcotubular system of the cells or 
myofilaments in the sarcomeres) (26) • The 
infarcted tissue interacts with healthy tissue in a passive 
manner. To simulate local myocardial infarction in the 
model, a cylindrical section was · constrained to retain 
passive material properties 
cylindrical sections adjacent 
during contraction. 
to the inf arcted 
exhibited normal contractile activity. 
The 
segment 
In developing the present model, it was assumed 
that blood mass displaced during isovolumic contraction by 
contracting shells was distributed in the passive shells in 
such a way that the passive shells were equally strained. 
This assumption is not supported by physiologic evidence and 
hence, may be a basic source of inaccuracy in the model. 
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2. changes in Left Ventricular Diameter 
As shown in Table 4.3, the end-systolic internal 
diameter of the left ventricular model is 20.4% smaller than 
the end-diastolic internal diameter. This value is very 
close to values obtained experimentally (20.3% (55), 20.2% 
(66 ) ) . The time course of left ventricular internal 
dia meter at four locations in the left ventricle is 
displayed in Figure 4.8. 
Figure 4.8 shows that an internal diameter at the 
mid point of the left ventricle increased slightly during the 
isovolumic contraction period. However, a diameter at the 
mid point sustained a net decrease by the beginning of 
ejection (Table 4.3). This is in agreement with 
experimental results obtained by application of various 
dimensional monitoring techniques to the left ventricle. 
Implantation of radiopaque markers on the endocardium and 
subsequent cinef luorographic 
in the internal diameter at 
ventricle during isovolumic 
studies showed a net decrease 
the midpoint of 
contraction (Figure 
the left 
4 •. 17) 
(5 0,62). A catheter tip instrument for monitoring left 
ventricular internal diameter demonstrated a net decrease in 
internal diameter at the midpoint of the left ventricle 
during isovolumic contraction (67) . Implantation of 
ultrasonic transducers on the endocardium and measurements 
with a sonomicrometer revealed a net decrease in internal 
diameter at the midpoint of the left ventricle during 
i sovolumic contraction (Figure 4. 17) (6 6) • 
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As illustrated in Figure 4.8 and Table 4.3, an 
in ternal diameter at the equator of the left ventricle 
increased a greater percentage than one at the midpoint 
dur ing isovolumic contraction. An equatorial diameter 
sustained a net increase by the beginning of ejection. The 
similarity of model results to experimental results obtained 
using ultrasonic techniques is demonstrated in Figure 4.18 
( 6 8 ) • 
An internal diameter at the base of the left 
ventricle sustained the greatest expansion during isovolumic 
contraction (Figure 4.8, Table 4.~). Similarity of these 
results to 
ultrasonic 
experimental results 
techniques is shown 
obtained utilizing 
in Figure 4.19 (48). The 
basal "bulge" was shown to disappear when the normal 
excitation pattern of the left ventricle was disturbed by 
sp ontaneous ventricular pacing (ectopic focus) (48,69) . 
This indicates that the increase in left ventricular basal 
diameter during the isovolumic contraction period may be a 
result of the normal asynchrony of contraction in the left 
ventricle. 
The percent change of the equatorial outside 
diameter from end-diastole to end-systole as determined by 
the model was 7. 13 (Figure 4. 9) . Th i s is significantly less 
than the percent change of the equatorial inside diameter, 
20. 4. The difference is due to thickening of the left 
ventricular wall during contraction. Percent changes of the 
equatorial outside diameter obta i ned experimentally (7.3 3 
(5 5) and 7. 0% (70) ) 
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were remarkably similar to those 
obtained in the model. Experimental results and model 
results are also similar regarding the pattern of 
contraction of outside equatorial diameter {Figures 4.9, 
4. 20) • 
3. Changes in Mural Thickness 
The time course of left ventricular wall thickness 
corresponding to the left ventricular diameter changes 
described above is displayed in Figure 4.8. It can be seen 
fro m Figure 4.8 and Table 4.3 that the wall thickness 
changed inversely to the respective diameter changes. This 
is necessary to conserve wall volume. 
Percent changes of wall thickness with respect to 
end-diastolic wall thickness are displayed in Table 4.4 for 
model results and experimental result s. The tabulations are 
for changes incurred over the isovolumic contraction period 
and for changes incurred over the entire cardiac cycle at 
three locations of the left ventricle. Most of the 
experimental results reported in Table 4.4 were obtained by 
tests utilizing strain gages placed through the heart wall. 
These gages had to be adjusted to the end-diastolic 
thickness of the wall manually or by use of spring tension • . 
If the myocardium (relaxed and flaccid during diastole) is 
indented by the gage, at the onset of contraction (when the 
myocardium becomes stiff) an inadvertent thickness change is 
recorded before 
rapid increase 
any change 
in thickness 
occurs (40, 48) • 
seen in some 
be an example 
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The initial 
experimental 
of this results (Figure 4. 21) could 
experimental 
experimental 
ob-tained by 
values (Table 
artifact. This could explain why some of the 
values for percent change of wall thickness 
strain gage measurements are higher than model 
4.4). Aside from the experimental results 
that may be exaggerated due to this experimental artifact, 
experimental and model results regarding overall percent 
change in wall thickness are similar: at the apex, 10.7 and 
11. 9, respectively; at the midpoint of the left ventricle, 
10. 0 and 13.7, respectively; at the base, 9.3 and 13.7 
respectively. 
The percent change in wall thickness at the apex of . 
the left ventricle obtained from the model (11.9) falls 
within the range of 
results (t0.7 +/- 2.1) 
the standard error of experimental 
(71). It snould be noted that these 
experimental results were obtained from pigs. 
The experimental results reported for percent wall 
thickness change at the midpoint of the left ventricle 
(1 0.0, 9-12% (72) were obtained by strain gage 
me asurements. Der Meer notes that the percent change 
ob tained in the experiments was found to be dependent on the 
fo rce with which the gage was applied to the heart. These 
results are smaller than the corresponding change indicated 
by the model (13.7). During the experiments, it is possible 
that the gage was not set with enough tension during 
diastole. 
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This would cause the results obtained in the 
experiments to be too small. 
The experimental results for percent change in wall 
thicknes at the base of the left ventricle were obtained 
fro m implanted ultrasonic transducers on the epicardium and 
endocardium. The corresponding model results (13.7) do not 
fal l within the range of the standard error of experimental 
results (9. 3 + /- 1. 0) (48) • One reason for the discrepancy 
could be that different left ventricular basal locations 
were considered in obtaining the model and experimental 
results. The pattern of basal wall thickness change is 
similar in the model and experimental results (Figure 4.19) • . 
More recent results by Rankin (55), obtained 
utilizing similar techniques, shoved a percent change in 
wal l thickness at the equator of the left ventricle greater 
than the model results (29.0% vs. 13.73 ) • Rankin notes 
tha t there are large differences in percent change of wall 
thickness obtained by different investigators, and suggests 
"methodological peculiarities" as a possible explanation for 
the differences. However, using similar experimental 
techniques Guntheroth obtained a smaller change than model 
results and Rankin obtained a larger change. This may 
indicate that an assymetric shift of myocardial mass occurs 
during contraction in-vivo which is not obtained as a result 
o f this cylindrical shell model. 
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4. Chamber Pressure Distribution 
The geometric configuration developed during the 
simulated isovolumic contraction phase of the cardiac cycle 
established a pressure gradient within the ventricular 
chamber clearly conducive to ejection (Figure 4.12). The 
potential energy distribution in the left ventricular 
chamber just prior to ejection has been used as an index of 
ejection efficiency. It is desirable that the direction of 
the gradient within the ventricle just prior to ejection be 
similar to Figure 4.12. Such a distribution has been shown 
to be absent in certain myocardial dysfunctions (73) • The 
magn itudes of the pressure gradient obtained in the model 
for this instant in the cardiac cycle seem to be exagerated . . 
Several factors may be responsible for this exageration. 
The value used for active isometric stress was 2.00 gr/mm , 
obtained from studies on papillary muscles (43) • The 
applicability of results obtaine~ from isolated papillary 
muscle preparations to the ventricular myocardium in-situ 
may be questioned. However, in studies on dog hearts 
in-vivo a value for total isovolumic tension in the left 
ventricle of 2.35 gr/mm was obtained (47). In addition, in 
experiments utilizing a strain gage applied to the left 
ventricle peak wall stress, corrected for wall thickness 
changes and coupling of the gage to the myocardium, averaged 
1. 92 gr/mm (74) . . Peak wall stress usually occurs at the 
beginning of ejection (75). Hence, the value of stress used 
he re does not seem unreasonable. 
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A characteristic of the model which may be 
r esponsible 
t he model 
for the large pressure magnitudes displayed by 
is the assumption that equal, circumferential 
stress is developed in all the myocardium just prior to 
ejection. According to the model, the part of the 
ventricular chamber containing the greatest pressure 
magnitudes is the apical region (Figure 4.12). This region 
of the left ventricle has the greatest proportion of 
longitudinally oriented muscle fibers compared to 
circumferentially oriented fibers (5) . Longitudinally 
oriented fibers would contribute to chamber pressure less 
effectively than circumferentially oriented fibers by the 
law of Laplace. Hence, consideration of apical fiber 
orientation may correct the exagerated chamber pressure 
magnitudes. It is interesting to note that consideration of 
so me longitudinally oriented muscle fibers in the apex of 
t he left ven~ricle may explain the small shortening the left 
ventricle incurs during contraction in-vivo. 
The results also show that the pressure gradients 
during the ejection phase of the cardiac cycle are small 
(Figure 4.13) . . This indicates that the viscous and inertial 
f orces generated within the left ventricle during ejection 
a re small in comparison to the forces producing static 
pressure. 
It should be noted that pressures within shells 
n umber 1 and number 10 are not displayed in Figures 12 and 
13. As mentioned previously, shell number 1 is at the point 
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o f fixation of the left ventricle to the cardiac skeleton 
a nd is constrained in motion. Therefore, an internal 
pressure was not obtained for this shell. 
The accuracy of representing segment number 10 by a 
cylindrical shell was questioned. That segment is more 
he mispherical or conical. Hence, an internal pressure was 
not obtained for segment number 10 to avoid producing 
inaccurate or confusing results at that segment. 
5. Myocardial Infarction 
Local myocardial infarction can occur subsequent to 
occ lusion of a coronary artery. The damaged portion of 
myocardium may not be able to contract and interacts with 
healthy tissue in a passive manner. In the model passive 
material characteristics were assigned to portions of the 
left ventricle to simulate myocardial infarction. The 
simulation of local myocardial infarction shows two 
alterations to healthy left ventricular function (Figure 
4. 14) • First, the ventricular pressure distribution is not 
conducive to flow toward the aortic valve in the vicinity of 
th€ infacrt. Chamber pressure distribution not conducive to 
e jection in the vicinity of infarct was found for the human 
left ventricle. The infarcted myocardium was found not to 
contribute to the potential energy in the ventricular 
c hamber. 
healthy 
Furthermore, some of the energy produced by the 
myocardium was dissipated in producing deformation 
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of the infarcted portions. As a result a pressure 
distribution was found in the area of the infarct which was 
not conducive to flow toward the aortic valve. In addition, 
the pressure distribution was shown to become more favorable 
to ejection after circulation to the infarcted area was 
improved by coronary bypass surgery (73) • 
The second result from the simulation of an 
infarcted left ventricle is that the area of infarct bulges 
outward during contraction. Outward motion of the 
ventricular wall (dyskinesis) is known to occur in some 
cases of left ventricular myocardial infarct (26,76). A 
correlation between declining myocardial perfusion and the 
deve lopment of aneurysmal bulging during isovolumic 
contraction has been shown. In addition, it was shown that 
normally 
displays 
passively 
(77 ) 
perfused myocardium adjacent to the ischemic area 
some dyskinesis. The normally perfused tissue may 
follow the abnormal moti~n of the ischemic area. 
shown 
It should be 
by the model 
stressed that although the results 
for a left ventricle containing 
myocardial infarct are consistent with some characteristics 
of the infarcted left ventricle in-vivo, the model presently 
does not provide an accurate physical representation of a 
le ft ventricle containing local areas of myocardial infarct. _ 
That is, in the model a whole cylindrical segment is used to 
represent the infarcted portion. In-vivo, coronary 
oc clusion in the left ventricle is not likely to result in 
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da mage to the myocardium along a circumference of the 
ventricle. Future refinements of the model should have the 
capacity to simulate myocardial infarction in portions of 
the cylindrical segments. It should be noted that the model 
a ssumption concerning unidirectional flow along the 
longitudinal axis of the left ventricle must be changed in 
fu ture refinements if flow is allowed to occur from a 
hea lthy portion of a cylindrical shell into an infarcted 
portion of the same shell. 
E. Summary of Results 
A mathematical model of the left ventricle is 
presented which simulates the dynamics of the left ventricle 
through the cardiac cycle. Ventricular wall motion and the 
time course of ventricular wall thickness in the model are 
similar to those observed in-vivo. Left ventricular flow 
and aortic pressure produced 
those measured experimentally. 
The left ventricular 
distribution exists in the 
by the model are similar to 
model shows that a pressure 
chamber of the healthy left 
ventricle throughout the cardiac cycle which is conducive to 
fl ow toward the aortic valve. Results from the model 
s uggest that this pressure distribution is altered by 
myocardial infarction and is not conducive to ejection in 
the vicinity of the infarct. In addition, the model 
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di splays that dyskinesis of the ventricular wall occurs in 
the infarcted area. 
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Table 4.1. Left ventricular end-diastolic 
constraints (see Figure 4.1). RATIO, THICK, TRUNC 
and the end-diastolic volume are specified for the 
model. c results from egua tion (4-3). (B-b) 
results from the confocal constraint. (Dieudonne 
(28) , Streeter (4)) 
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RATIO TRICK T RUN C: END-
(b/a) B-b (A-3.) c D.IASTOLIC 
(Cm) {CID) 't'. , l (cm) VOLITME (ml) 
DIEUDONNE 3. 1 0.40 0.97 60.0 4. 35 35.0 
ARE NA 2.5 0.49 1.00 52.2 3.59 35.0 
S TPE ET E ~ 2.2 0.59 1 . 0 9 50.0 3.70 52.4 
Table 4.1 
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Ta ble 4.2. Canine aortic input impedance (38). 
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HARMONIC '.1 AG NIT UDE PHASE 
(mm Hg S~C/CC) (degrees) 
D.C. 3. 261) -
1 0. 261 -58.0 
2 0. 179 -45.0 
3 0.163 -32.0 
4 0. 15 5 - 18. 0 
5 0.176 -25.0 
6 0. 12 1 - 30. 0 
.., 0.196 -36.0 I 
8 0. 156 -4.0 
g 0.189 -30.0 
10 0. 254 -so.a 
rable 4.2 
page 115 
Table 4.3. Percent change of model dimensions 
with respect to end-diastolic dimensions. 
MAX - maximum increase in diameter or decrease 
in thickness during isovolumic contraction 
ISO VOL - percent change at the end of isovolumic 
contraction 
EJECT - percent change at the end of ejection 
LV 
LOCATION: DASE FQUATOR 
S El.MP.NT 
NlH1 BER: 2 LJ 
M I E M I E 
A s J A s J 
x 0 E x 0 E 
v c v ' c 
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L L 
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DIAM. .. 7 • 0 +7. 0 -20.4 +11 • 0 +0.6 -20.lt 
r-r {e1l) 
r(ed) 
WALL 
'l'HICK. - lJ. 1 - 4. 1 +12.0 -0.6 
- 0 • '• +13.8 
h-h{ e d) 
h(eo) 
Table 4.3 
HAL 'fWA'l BE'fWEEN 
APP.X AND BASE 
6 
M I E 
A s J 
x 0 T~ 
v c 
0 ·r 
L 
.. 0. 3 -1. 7 -20.4 
-0.2 + 1. 0 + 12. 0 
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q 
£1 I 
A s 
x 0 
v 
0 
I. 
o.o -5. ') 
o.o t). 2 
E 
J 
E 
c 
T 
-20.4 
t 11 • 8 
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Ill 
~ 
~ 
~ 
O'I 
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Table 4.4. Percent change in wall thickness with 
respect to the end-diastolic value; model and 
experimental results. 
ISOVOL - percent change at the end of isovolumic 
contraction 
EJEC T - percent change at the end of ejection 
LV LOCATION: 
F.XPERIMENTAL 
SOURCE METHOD 
MODEL -
r.oth['an 1967 St['ain Gaqe 
1 
Mc Hale 1972 St['ain GagE=> 
Der Mee[' 1<n1 Strain Gaqe 
Feigl 1 CJ6ll St['ain Gaqe 
Goldstein .1'J7 4 Strain Gage 
2 
r.untheroth 1971 Ultrasonic 
'l'ransducP.r.s 
c; un the roth 1974 Ultrasonic 
Transducers 
1 - Horse Left Ventricle 
2 - Piq Left Ventricle 
A 1'1S F. 
TSO VOL E,TF.CT 
-4. 1 12.0 
necrease 0.5 
Observed +l-1 • 2 
-2.0 9. l 
y-0. 3 y-1. 0 
rahle 4.4 
HALFWAY BETWEEN APEX 
1\PEX ANfl BASE 
ISOVOI. E,JECT ISOVOL E,1 ECr 
1. 0 12.0 3.2 11. 8 
6.0 15.0 
Increase 16.0 
Ohs12rved 
J.O 10.0 
10.0 20.0 
Increas~ 10.7 
Observed +/-2.1 
"t:J 
QI 
'° Cl> 
._. 
._. 
CX> 
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Figure 4.1. Confocal ellipses. 
(See text for description of variables.) 
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Figure 4.2. Determination of end-diastolic 
dimensions of the model. 
r (ed ) - inside radius at end-diastole 
h (ed) - end-diastolic wall thickness 
y(ed) - y location of the midpoint of the shell 
6 1 - height of the cylindrical shells 
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-
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y(ed) 
r{ed) = r;n 
h{ed) = rout - r;n 
""""-- rout 
Figure 4.Z 
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Figure 4.3. End-diastolic configuration of the 
lef t ventricular model. 
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Figure 4.3 
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Figure 4.4. Pressure-stress relationship of the 
cyl indrical shells. 
P - chamber pressure 
a - wall stress 
r - inside radius of the shell 
h - wall thickness of the shell 
AY - height of the shell 
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-
Figure 4.4 
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Figure 4.5. Determination of inertial forces 
generated by the left ventricular model. 
(See text for notation.) 
CYLINDER ( n-1) 
Ti f.£ (t-1): lAyr 
-,--
r(n-1, t-1) 
y..-- _L. 
TI ME (t): !Ayr 
--,-
r( n-1, t ) 
Y+-- . _i_ 
CYLINDER ( n) 
QTHRU 
+ r--1---t--I 
Q(n, t) 
Figure 4.5 
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' r(n,t) 
=_j_ 
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Figure 4.6. The left ventricle modeled by ten 
cylindrical shells. 
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SEGMENT #1 
SEGMENT #2 
SEGJ1ENT #3 
SEGMENT #4 
SEGMENT #5 
SEGMENT #6 
SEGMENT #7 
SEGMENT #8 
SEGMENT #9 
Figure 4.6 
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Figure 4.7. Left ventricular diastolic 
pressure-volume relationships obtained from the 
model. Strain is figured at the radius (r + kh) , 
where; 
r - inside radius 
h 
-
wall thickness 
k: o.oo (x) 
0.25 (+) 
0.50 (o) 
0.75 (*) 
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Figure 4.8. Diameter and wall thickness changes 
of the left ventricular model during contraction. 
LV 
LOCATION: 
SEGMENT 
NUMBER: 
INSIDE 
DIAMETER 
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Figure 4.9. Outside diameter change at the 
equator of the left ventricular model during 
contraction. 
D(ed) - end-diastolic diameter 
D(m) - maximum diameter 
D(o ) - diameter at the beginning of ejection 
D(e) - diameter at the end of ejection 
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Figure 4.9 
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Figure 4.10 Chamber outline of the left 
ventricular model at: 
end-diastole 
- - - - end of isovolumic contraction 
- - -- end of ejection 
page 138 
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Figure 4.11. output pressure and flow waveforms 
obtained from the model. 
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Figure 4.11 
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Figure 4.12. Chamber pressure distribution 
obtained from the model at the end of isovolumic 
contraction. 
Pressures in mm Hg. 
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Figure 4.12 
Figure 4.13. 
obtained from 
ejection. 
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Chamber pressure distribution 
the model at an instant during 
Pressures in mm Hg. 
IJf .98 
114. 99 
115 .01 
/'15.02 
I 15. 03 
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·- I 15.0C:J 
Figure 4.13 
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Figure 4.14. Results of the simulation of a 
myocardial infarcted left ventricle. 
Pressures in mm Hg. 
9 9.1 
95.0 
I /6. 7 
Figure 4.14 
page 146 
page 147 
Figure 4.15. Left ventricular diastolic 
pressure-volume relationship; 
and (o) obtained from the model with 
strain calculated at the midcircumference of the 
shells; 
- - - - and (x) obtained experimentally using 
excised canine hearts (45) . 
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Fi gure 4.16. Inside diameter change of the left 
ventricle during ejection. 
experimentally from dogs. 
Data obtained 
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EXPERIMENTAL LV LV INSIDE 
REFE RENCE METHOD LOCATION DIAMETER 
BISHOP 1970 IMPLANTED EQUATOR 35 nm -
ULTRASONIC 
TRANSDUCERS 
30-
MITCHELL 1969 IMPLANTED HALFWAY 47 nm-
MARKERS AND BETWEEN _APEX 
CINEFLUOROGRAPHY AND BASE 
-·- - - ·- ·-----· 
42-
LESHIN 1972 IMPLANTED HALFWAY 45 nm-
MARKERS AND BETWEEN APEX 
CINEFLUOROGRAPHY AND BASE 
35-
HORWI TZ 1968 IMPLANTED HALFWAY 30 nm- \ ULTRASONIC BETWEEN APEX TRANSDUCERS AND BASE 24-
PIEPER 1966 CATHETER TIP HALFWAY 45 nm- \ INSTRUMENT BETWEEN APEX AND BASE 30-
GUNTHEROTH 1974 IMPLANTED BASE \ ULTRASONIC TRANSDUCERS 
RUSH f.ER 1956 VARIABLE ? \ INDUCTANCE GAGE 
Figure 4.16 
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Figure 4.17. Course of internal diameter halfway 
be tween the apex and base of the left ventricle 
during contraction. 
EXPERIMENTAL RESULTS {MITCHELL 1969): 
EXPERIMENTAL RESULTS (LESHIN 1972): 
EXPERIMENTAL RESULTS {HORWITZ 1968): 
~DEL RESULTS: 
47 IJITI 
46 
42 
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36 
24 
30 mm 
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Figure 4.18. Course of internal diameter at the 
equator of the left ventricle during ejection. 
EXPERI1'£NTAL RESULTS (BISHOP 1970): 
MODEL RES UL TS: 
35 lt'lt1 
30 
32 lt'lt1 
25 
Figure 4.18 
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Figure 4.19. Dimension changes at the base of the 
left ventricle during contraction. The aortic 
pressure waveform and the electrocardiogram are 
al so shown. 
MODEL RES UL TS EXPERIMENTAL RESULTS 
( GUNTHEROTH 1974) 
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Figure 4.20. course of the outside diameter at 
the equator of the left ventricle during 
contraction obtained experimentally {70) • Data 
displayed is for reclining dogs. (See Figure 4.9 
fo r notation.) 
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Figure 4.21. Course of wall thickness half way 
be tween the apex and base of the left ventricle 
during contraction. 
10 .o 11111 -
EXPERIMENTAL RESULTS 
(FEIGL 1964): 
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DISCUSSION 
The left ventricular analyses presented herein 
s erve several useful purposes. Both analyses provide 
in formation regarding the pump characteristics of the left 
ventricle. By comparing the source resistance and aortic 
in put resistance in the frequency domain analysis, the left 
ventricle is shown to be a D.C. pressure source. In the 
t ime domain analysis viscous and inertial forces generated 
within the. ventricular chamber are shown to be negligible 
c ompared - to 
a ddition to 
the forces generating 
providing insight into 
static pressure. In 
left ventricular 
f unction, the pump characteristics of the left ventricle are 
of primary consideration in the design of artificial hearts 
and cardiac assist devices. 
These left ventricular analyses could provide tools 
f or diagnosing heart disease from hemodynamic measurements. 
By measuring left ventricular pressure and aortic flow under 
t wo different left ventricular afterload conditions, the 
source pressure and source impedance of the heart could be 
determined. The frequency domain analysis shows that these 
parameters may 
However, the 
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be useful in diagnosing myocardial infarct. 
hemodynamic measurements required for the 
frequency domain analysis are much more extensive than data 
which could be provided by a standard cardiac 
c atheterization. One difficulty is collecting data under 
t wo different left ventricular afterloads. An intraaortic 
balloon could be utilized for this purpose as it was used in 
t he experiments. 
Results from the time domain analysis of a healthy 
l eft ventricle indicate that the pressure distribution in 
t he ventricular chamber throughout the cardiac cycle is such 
that blood tends to move toward the aortic valve. These 
r esults should be tested by experiments. For example, an 
open chest canine preparation could be used. 
Several pressure catheters installed in the left 
ventricle to determine the chamber pressure distribution may 
i nterfere with ventricular function. · A more feasible way of 
determining the chamber pressure distribution may be to use 
one pressure catheter carefully placed at different 
l ocations within the ventricular chamber. Placement could 
use fluoroscopic techniques. Using the one catheter method 
pressures from different heart cycles would be compared. 
Therefore, the preparation would have to be carefully 
c ontrolled at a steady state during placement of the 
catheter. Corresponding moments of different heart cycles 
could be compared in subsequent data analysis by 
coordinating the cycles by their QRS complexes. 
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The pressure distribution in the ventricular 
c hamber just prior to ejection has been used as a cardiac 
i ndex (73). It may be instructive to investigate the 
pressure distribution at this moment of the cardiac cycle 
e xperimentally. For this purpose, the experimental protocol 
s hould include installation of an electromagnetic flow probe 
a t the root of the aorta. Pressures at different chamber 
l ocations could be recorded as described above. Flow data 
c ould be simultaneously recorded. In subsequent data 
a nalysis, the moment of the heart cycles corresponding to 
end-isovolumic contraction could be determined using the 
a ortic root flow data. 
The time domain analysis indicates that large 
pressure magnitudes exist in the apical area of the 
ventricular chamber at end-isovolumic contraction. 
Experimental results may show th.at large gradients do not 
e xist in-vivo. The time domain analysis can be refined by 
c onsidering muscle fiber orientation in the model. As 
d iscussed previously; this addition to the model should 
r esult in lower pressure magnitudes in the apical region. 
The time domain analysis indicates that the 
pressure distribution in the ventricular chamber at 
e nd-isovolumic contraction is not conducive to ejection in 
t he vicinity of myocardial infarction. The model is 
presently capable of analyzing a myocardial infarction 
occurring along a circumference of the left ventricle. As 
discussed previously, the model should be refined to allow 
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analysis of a left ventricle containing myocardial 
infarction in arbitrary portions of the myocardium. 
Experimental investigation of the pressure 
distribution of an infarcted left ventricle could be 
included in the protocol of the experimental procedure 
described above. In the experiment, myocardial infarction 
c ould be induced in the left ventricle by ligating branches 
o f the coronary arteries. The pressure distribution could 
be investigated as described previously. comparison of 
model and experimental results may lead to correlation 
between the nature of chamber pressure distribution and the 
l ocation and severity of myocardial infarction. 
APPENDICES 
APPENDIX A 
* PHYSIOLOGIC BACKGROUND APPENDIX 
A. Cellular and Subcellular Structure of Myocardium 
Myocardial tissue consists of long, striated muscle 
f ibers. Groups of fibers are enclosed by connective tissue 
f orming muscle fiber bundles. Branching frequently occurs 
between parallel fibers. (Figure 1) 
Each fiber consists of a series of myocardial cells 
j oined by a specialized structure (intercalated disc) • The 
i ntercalated disc allows transmission of the electrical 
depolarization impulse and contractile forces from cell to 
a djacent cell. 
Each cell is bounded by a membrane (sarcolemma) and 
contains: a centrally located nucleus; a large 
concentration of mitochondria (sarcosomes) ; an intracellular 
t ubular network (sarcotubular system) ; and the contractile 
structures (myofibrils) • (Figure 2) 
The sarcosomes are the sites of oxidative 
phosphorylation. That is, molecules produced by the life 
* Parts of this material were recently reviewed by Dr. Clara 
Franzini- Armstrong in "Muscle Membranes and Excitation-
Contraction Coupling", presented at the Friday Evening 
Lectures series, Woods Hole, Massachusetts, August 19, 1977. 
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processes of the organism are oxidized in the sarcoscmes . . 
The energy released by the oxidation is used to generate 
adenosine triphosphate (ATP), the energy storage unit of the 
cell. The sarcosomes comprise 25-30 percent of the 
myocardial mass (29) • . 
The sarcotubular system which pervades the muscle 
fiber is composed of two components. One component, the 
transverse tubular system, consists of invaginations of the 
sarcolemma. This system provides an extension of the 
extracellular space into the muscle fiber. The transverse 
tubules are usually 
longitudinally (80) • 
reticulum (SR) , is 
transverse to the fiber but often run 
A second component, the sarcoplasmic 
a network of tubules and cisternae 
surrounding the myofibrils. The SR is not continuous with 
the extracellular space. The tubules of the SR terminate in 
terminal cisternae which are apposed to transverse tubules. 
The complex consisting of the transverse tubule and two 
cisternae of the SR is referred to as the "triad". (Figure 
2) 
Myofibrils extend the length of the cell and insert 
onto the intercalated discs. Myofibrils comprise about 50 
percent of the cell mass (29) • Each myofibril consists of a 
series of sarcomeres, the fundamental contractile units of 
striated muscle (Figure 2). The ends of all the sarcomeres 
in adjacent myofibrils are in the same plane. This 
allignment gives the muscle fiber its striated appearance. 
The structure of the sarcomere is illustrated in 
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Figure 3. Each sarcomere is bounded longitudinally by the Z 
lines. Between the Z lines are thick and thin filaments 
(myofilaments) composed primarily of the proteins myosin and 
actin, respectively. The myofilaments are responsible for 
contraction of the sarcomere. 
The thin filaments extend from the Z lines toward 
t he center of the sarcomere where they interdigitate with 
t he thick filaments at the myosin cross bridges (Figure 3). 
The portion of the sarcomere spanned by the thick 
f ilaments is referred to as the A band. Thin filaments 
e xtend partially into this band. The central portion of the 
A band which contains only thick filaments is referred to as 
t he M-L complex, or the pseudo a zone. The portion of the 
sarcomere extending from the Z line to the A band which . 
c onsists only of thin filaments is ref erred to as the I 
band. 
Both types of myofilaments are a fixed length. 
Contraction of the 
a mount of overlap 
That is, through a 
sarcomere occurs by an increase in the 
between the actin and myosin filaments. _ 
series of making and braking of bonds 
between 
myosin 
l ines 
zone, 
reduced 
actin and the myosin cross bridges, the actin and 
filaments "slide" over one another drawing the z 
together. Hence, during contraction the pseudo H 
I band, and the distance between the Z lines are 
while the A band (representing the length of the 
thick filaments) remains constant. 
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B. The Mechanism of Contraction 
Myocardial cells are specialized for electrical 
impulse formation, electrical impulse conduction, or 
contraction. 
The cells specialized for impulse formation are 
located in the sinoatrial and in the atrioventricular nodes 
of the heart. These are pacemaker cells which initiate the 
heartbeat by periodically depolarizing. Hence, the heart is 
myogenic since muscle activity arises in the muscle itself. 
The cells specialized for conduction are the 
Purkinje cells. These cells constitute the Purkinje fibers 
and allow rapid conduction of the qepolarization impulse. 
The bulk of cardiac cells are specialized for 
contraction. 
The heart is a functional syncitium; once 
depolarization begins in the myocardium it spreads 
throughout the entire myocardium crossing cell boundaries at 
the intercalated discs. (A syncitium is an aggregate of 
cells with no intracellular membrane. Hence, a syncitium 
functions as a unit. The heart is not a syncitium, but 
since the intercalated discs allow transmission of the 
depolarization impulse and contractile forces, the heart 
functions as a syncitium.) 
Calcium ion appears to be the mediator between 
excitation of a myocardial cell and contraction of the 
sarcomere. Depolarization of the cell passes from the cell 
surface to the interior of the muscle fibers via the 
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transverse tubular system. The depolarization reaches the 
terminal cisternae of the SR and triggars release of calcium 
ions from the SR (29) • The calcium ions diffuse into the 
myofibrils. The reaction between actin and myosin which 
causes shortening of the sarcomere is inhibited in the 
r esting state by the presence of modulating proteins, 
t ropomyosin and troponin. The influx of calcium into the 
myofibrils upon cell depolarization releases the inhibition 
a nd contraction results (31). The force of contraction in 
t he sarcomere is expressed as a longitudinal force of 
c ontraction by the muscle fiber. 
Subsequent to contraction, 
c alcium ions by the SR results 
reaccumulation of 
in inhibition of the 
actin-myosin interaction (in the presence of the modulating 
proteins} and the sarcomeres return to their resting length 
( 31) . 
A relationship between the concentration of calcium 
i ons on the sarcotubular membrane and the tension developed 
by cardiac muscle has been shown (81). It was suggested 
t hat regulation of the amount of calcium ion released to the 
c ontractile apparatus may be a method of regulating 
myocardial contractilit y (inotropic state} (31) . 
(Lee proposed an interesting theory regarding the 
uptake of calcium by the SR. The hydrolysis of ATP to 
adenosine diphosphate (ADP) and inorganic phosphate provides 
t he energy necessary for the reaction to occur between actin 
and myosin filaments during contraction. In-vitro 
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experiments showed that the uptake of calcium ions by the SR 
i s greatly accelerated in the presence of inorganic 
phosphate. Hence, a product of the contraction process 
(inorganic phosphate) may act in a feedback system by 
accelerating uptake of calcium ion by the SR and relaxation 
o f the muscle fiber. (33}} 
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Figure 1. Muscle fiber bundle. 
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Figure 2. Myocardial cell. 
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Figure 3. The sarcomere. (3) 
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APPENDIX B 
C PROGRAM TO CALCULATE SOURCE PRESSURE AND SOURCE IMPEDANCE 
c 
c 
c 
C HEARTl 
C (CYCLES BEGINNING AT DIASTOLE, NDIAS=l; SYSTOLE, NDIAS=O (192tt 
DIMENSION Al(20,llt,Bl(20,11t,A2(20,llttB2(20tllt,A3(20tllt,B3(20, 
* 11 t , SM P ( 2 0, l lt , CU 20, 11 t , C 2 ( 20, 11 t , C 3 ( 2 0, 11 t , AC 1( l lt , BC lC 111 , AC 2 (l 
*ll,BC2(11J,AC3(llt,BC3(llt,ATOTAL(ll),AAVGE(ll) ,ASD(llltAMIN(llt,A 
*MAX(llt,BTOT~L(llt,BAVGE(llt,BSD(llltBMIN(ll,,BMAX(ll),C(llt,PHl(l 
*l t , AC ( l lt , A PH I( 11 t 
COMMCN ILVP(l200),IAOP(l200J,IAOF(1200J,IZ0(4),JFS(4),ZRFST,FACT(4 
*) ,NSMP(20t,JNO,IRDCAL(5),J1,II,II1,S(20),TOL,LMN,NCYCLE,SAMP1 9 STDE 
*V(6),EPG(llltEZG(llt,ALVP(llt,BLVP(llt,AAOF(llt,BAOf(llt,ALVPC(lll 
*18LVPC(lll,AAOFC(ll),BAOFC(llt,CPG(llt,PHIPG(llt,CZG(llt,PHIZG(lll 
*, AAOP( 111 , B AOP ( 11 I, A AOPC ( 11 t, BAO PC ( 11 t t IE XPNO, I CE XP, I PR I NT, NOA TA, N 
*OOG,NRUN,NFIXIT,NDOGl,NOIAS,NPRESS,NSTATE,FREQ,NAWAY,NUMCYC,NOFFON 
+,IPRESS(3,129t,]STATE(3,l29t · 
CALL ERRSET(215,256,-l) 
CALL MOMENT 
2 REA0(8,END=3)NOOG,NRUN,NPRESS,NSTATE 
NOOG=NDOE-50 
IPRESS(NDGG,NRUNt=NPRESS 
ISTATE(NOOG,~RUNt=NSTATE 
GO TO 2 
3 NDIAS=O 
NCYCLE=2 
ICEXP=O 
IPFINT=l6 
"C 
QI 
IO 
Cl) 
....... 
..... 
0) 
TOLC VC =O. 1 
TOLSMP:0.05 
NDOG=l 
NDOGl:l 
Jf (NCIAS .EQ. llREA0(9)NOATA 
Jf(NDIAS .EQ. OIREA0(4)NUATA . 
5 Jf(NOIAS .EQ~ l)REA0(9,ENO=l201IEXPNO,Il,JI,III 
lf(NDIAS .EQ. OIREA0(4,END=l20)JEXPNO,Jl,II,IJI 
If (ICEXP .EQ. IEXFNOIGO TO 9 
lf(ICEXP .LT. IEXPNOIGO TO 6 
WRITE(6,1071JEXPNO 
GO TO 5 
6 CALL ARRAYS 
ICEXP=ICEXP+l 
If(JCEXP .LT. IEXPNOIGO TO 6 
1 NFIXIT=O 
lf(IEXPNO .LT. 114 .AND. IEXPNO .GT. 771NFIXIT=l 
lf(NOATA .EQ. 2 .OR. IEXPNO .GE, 19l)NFIXIT=l 
CALL CYCLES 
9 00 10 I=l,20 
s (I t :Q. 0 
10 CONTINUE 
DO 20 I=Il,JI 
S( 1):1.0 
20 CCNTINUE 
TCL-=TOLCYC 
LM~=l 
CALL GEOATA(ILVP,Al,el,ACl,BCl) 
CALL GEOATA(JAOP,A2,B2,AC2,BC21 
CALL GEOATA(JAOF,A3,B3,AC3,BC3) 
"O 
Al 
IO 
ti> 
....... 
....... 
~ 
DO 23 J=l,2 
DO 22 1=11,JI 
Cl(J,J)=SQRT(Al(l,Jl**2tB1(11Jl*•2t 
C2(J,J)=SQRT(A2(1,Jl**2+B2(1,J)**21 
C3CI,Jt=SQRT(A3(I,Jl**2tB3(1,J)**21 · 
22 CONTINUE 
23 CONTINUE 
CALL AVRAGEICl,l) 
IF(L~N .EO. O)GO TO 100 
CALL AVRAGE(C2,l) 
IF(LMN .EQ. OlGO TO 100 
CALL AVRAGE(C3,l) 
lf (LMN .EQ. OIGO TO 100 
00 25 l=Il,Jl 
SMP(J,21=NSMP(I) 
25 CONTINUE 
TCL=TOLSMP 
CALL AVRA~E(SMP,21 
IFCLMN .EQ. OIGO TO 100 
SAMP=O. O 
COUNT=O. 0 
DO 30 1=11.II 
If (S(I) .EC. O.O)GO TO 30 
SAMP=SAMPt~S~P(I) 
COUNT=COUNT+l .O 
30 CONTINUE 
SAMPl=SAMP/CCUNT 
SA~P2=NSMP(I I I I 
CALL TALLY(Al,S,ATOTAL,AAVGE,ASD,AMIN,AMAX,20,ll,IER,2201 
CALL TALLY(Bl,S,BTOTAL,BAVGE,BSD,BHIN,BMAX,20,ll,IER,220) 
-c 
~ 
c.o 
tD 
...... 
~ 
STOEV(ll=ASC(ll 
STOEV(3)=ASC(2) 
STOEV(4l=BSC(2) 
CALL PHASOR(AAVGE,BAVGE,C,PHJ,11 
CALL FIXPR(C,PHJ,AC,APHI,SAMPl,01 
CALL PHASOR(ALVP,BLVP,AC,APHI,Ot 
CALL PHASOR(ACl,BCl,C,PHI,ll 
CALL FIXPR(C,PHI,AC,~PHI,SAMP2,0I 
CALL PHASOR(ALVPC,BLVPC,AC,ftPHJ,01 
CALL TALLY(A2,S,ATOTAL,AAVGE,ASO,AMIN,AHAX,20,ll,IER,2201 
CALL TALLYCB2,S,BTOTAL,BAVGE,BSD,BMIN,BMAX,20,ll,IER,220t 
CALL PHASO~C~AVGE,BAVGE,C,PHJ,11 
CALL FIXPR(C,PHI,AC,APHI,SAMPl,l) 
CALL PHASORfAAOP,BAOP,AC,APHI,O) 
CALL PHASOR(AC2,ac2,c,PHI,ll 
CALL FIXPR(C,PHJ,AC,APHI,SAMP2,lt 
CALL PHASOR(AAOPC,BAOPC,AC,~PHI,01 
CALL TALLY(A3,S,ATOTAL,AAVGE,ASO,AMIN,AMAX,20,ll,IER,220t 
CALL TALLY(B3,S,BTOTAL,BAVGE,BSO,BMIN,BMAX,20,ll,IER,2201 
STDEVf 2l=ASC(l, 
STDEV(5t=ASCC2• 
STDEV(6)=BSC(2) 
CALL PHASORfAAVGE,BAVGE,C,PHI,11 
CALL FIXFL(C;PHI,AC,APHI,SAMPlt 
CALL PHASOR(AAOF,BAOF,AC,APHI,Ot 
CALL PHASOR(AC3,BC3,C,PHJ,l) 
CALL FIXFL(C,PHJ,AC,APHl,SAMP2t 
CALL PHASOR(AAOFC,BAOFC,AC,APHI,01 
CALL CALCUL 
CALL ERROR 
-c 
Ill 
~ 
Cl> 
~ 
co 
~ 
CALL PRINT 
GO TO 5 
100 WRITE(6,llOlIEXPNO 
GC TO 5 
107 FORMAT(lHO/' FILE #'113,• REQUESTED OUT OF SEQUENCE-NO ANALYSIS' I 
110 FORMAT(lHOI' FILE # 1 ,13,• NUMBER OF CYCLES VIOLATED-NO ANALYSIS•I 
120 STOP 
END 
SUBROUTINE ~RRAVS . 
COMMON ILVPfl20011IAOP(l200),IAOF(12001,IZ0(4),JFS(4),ZRFST 1 FACT(4 
*),NSMP(20),JNO,IRDCAL(5),0UMMY1(2321 1 ICEXP,OUMMV2,NDATA,NDOG,NRUN 
DIMENSION ILVP1(600t,IAOP1(6001,IAOF1(6001 1 NSHP1(101,JRDCA1(31 
IF(NDATA .EQ. 2)60 TO 20 
REAO(l,199)JLVP1,IAOP1,IAOF1,IZO,IFS 
REAO(l,198)ZRFST,FACT(l) 
REAO(l,1971F~CT(21 
REAO(l,l98IFACT(3),FACT(4) 
REAO(l,199INSMP1,JNO,IRCCA1 
JF(ICEXP .EQ. 7)READ(l 1 199)1BADDY 
DO 10 I=l,600 
IF<I .LE. ~)JRCCAL(l)=IROCAlCII 
JF(I .LE. lOINSMP(ll=NSMPl(ll 
ILVP(J l=ILVFl(I) 
IAOP<I l=l~OPU I) 
I A OF (J ) =I AO F U I ) 
10 CONTINUE 
GO TO 200 
20 READ(3)NOCG,NRUN,LETTER,ILVP 1 IAOP,JAOF 1 IZO,IFS,ZRFST,FACT,NS~P,JNO 
*,I RD CAL 
1~7 FOfCMAT(F5.31 
"'O 
QI 
(Q 
' m 
...... 
CX> 
N 
198 FGPMAT(F5.ll 
199 FCPMAT(l51 
200 RETUPN. 
ENO 
SUBROUTINE GEOATA(IJKL,AN,BN,CA,CBI 
CCMMON OUMHY1(36l31,NSMP(201,0UMMY2(61,Il,II,IIJ,OUMY3(2341 ,NFIXIT 
CCMPLEX D~TA(l501,WORK(l501 
DIMENSION IJKLfl200l,AN(20,lll,BN(20,lll1CA(lll,CB(lll 
J=ll 
SS=l.O 
GO TO 5 
3 J=III 
SS=O.O 
5 t\=O 
f'=J-1 
IF(M .EQ. OIGO TO 9 
00 10 K=l d< 
N-=NSMPCKltN 
10 CONTINUE 
J l=I II 
J2=111 
9 IF<SS .EOe O.OIGO TO 11 
Jl=Il 
J2=11 
11 00 40 J=Jl,J2 
Nt\=Ntl 
N=NSMP(Jl+N 
"'=O 
DO 20 K=NN,N 
M=Mtl 
"C 
Ill 
lO 
l'D 
-
co 
w 
B=IJKL(KI 
JF(NFIXIT .EQ• llB=B/100.0 
CATA(Mt=CMFLX(B,O.OI 
20 CONTINUE 
CALL FOURTCCATA,M,1,-1,0,WORK) 
If (SS ,EQ. O.OIGO TO 50 
00 30 K=lell 
AN(J,Kl=2.0*REAL(CATACKll/NSMPCJI 
BN(J,K)=-2.0*AIMAG(CATA(K)l/NSHP(J) 
30 CCNTINUE 
AN(J,ll=AN(J,ll/2.0 
40 CONTINUE 
GO TO 3 
50 DO 60 K=l,11 
CA(K)=2.0*REAL(DATA(Kll/NSMP(J) 
CB(Kt=-2.0*AIMAGCCATA(Kll/NSHP(J) 
60 CONTINUE 
CAUl=CA(ll/2,0 
RETU~N 
END 
SUBROUTINE ~VRAGE(C,NI 
COMMCN DUMMV1(3639),Jl,JJ,OUMMY2tS(20) 1 TOL,LMN,NCYCLE 
DIMENSION cc20,111,DEVC20) 
DO 110 J=N, 2 
X=O.O 
Y=O.O 
DO 20 I=Il,JI 
JF(S(J) .EQ. O.O)GO TO 20 
X=C(J,JH·X 
Y=V+l.O 
"'O 
Ill 
tO 
'1) 
....... 
~ 
20 CCNTINUE 
45 lf(NCYCLE .GT. YlGO TO 100 
CAVRGE=X/Y 
fol=O 
00 50 1=11,JI · 
lf(S(I) .EQ, O.O)GO TO 50 
DEV(ll=ABS((CAVRGE-C(I,Jlt/CAVRGEI 
lffDEVCI) .LE. TOLIGO TO 50 
fl= 1 
50 CONTINUE 
If (M .EQ. O)GO TO 110 
GRAD=O.O 
00 60 I=Il,JI 
IF(S(I l .EQ. O.OtGO TO 60 
lf(GRAD .GE. OEV(l))GO TO 60 
GRAO=DEV(I) 
l=I 
60 CCNTINUE 
S(ll=O.O 
Y=Y-1.0 
X-=X-C(L,JI 
GO TO 45 
100 LMN=O 
GO TO 120 
110 CONTINUE 
120 RETUliN 
END 
SUEROUTINE PHASORCA,B,C,PHI,L) 
DIMENSION ACllt,B(lll,CCllt,PHIClll 
DO 90 l=l tl 1 
I 
I 
"C 
QI 
Ul 
C1> 
..... 
CX> 
01 
If(l .EQ. OIGO TO 70 
IF ( B (I I , GE. 0. 0 I GO TO 50 
lf(A(ll .GT. o.OIGO TO 55 
AOC:=-180.0 
GO TO 60 
50 lf(A(I) .GE, O.O)GO TO 55 
AOD=l80.0 
GO TO 60 
55 AOO=O.O 
60 PHl(Jt=-(ATAN(B(Jt/A(Ill*l80,0/3,1416tADDI 
C(Jl=SQRT(~(Il**2~B(Il~*2) 
GO TO 90 
70 A(ll=C(ll*COS(PHJ(ll*3•1416/180.0I 
B(Jl=-C(11*S1N(PH1(1)*3•1416/l80.0I 
90 CONTINUE 
RETUJlN 
ENO 
SUBROUTINE FIXPR(CMEASrPMEAS,c,P,SAMP,LI 
CCMMON OUMHYl(3609lrFACT(41,DUMHY2(260t,NOATA 
DIMENSION C~EAS(lll,PMEASClll,C(lll,P(lll,X(lll,YCllltZ(lllrRATIO( 
* 11 I , PH I ( 11 I 
00 10 J=l,11 
I=J-1 
X(Jl=l*FACT(ll/SAMP 
Y(Jl=l.0-(X(Jl;*2/FACT(3t**2t 
ZIJl=2.0*FACTC2l*X(Jl/FACT(31 
10 CONTINUE 
CALL PHASOR(Y,ZrRATJO,PHI,l) 
PH I D=O .O 
co 20 J:::l,11 
-0 
Cl! 
l.O 
Cl> 
-~ 
JF(NDATA.EQ.2)RATIO(J)=l.O 
JF(NCATA.EQ.21PHJ(Jl=O.O 
JF(l .EQ. 0 .OR. X(J) .LE. 3.0tGO TO 15 
PHIO:-l.45*X(J) 
15 C(Jt=CMEAS(Jt*RATIO(J) 
P(Jl=PMEAS(J)-PHl(Jl-PHID 
20 CONTINUE 
RETU~N 
ENO 
SUBROUTINE FIXFL(CMEAS,PMEAS,C,P,SAMP) 
COMMON DUMMY1(3609),FACT(4. 
DIMENSICN CMEAS(llt,PMEAS(ll),C(lll,P(ll) 
C(ll=CMEASlll 
P(ll=PMEAS(ll 
co 300 J=2,ll 
l=J-1 
X=l*FACT(ll/SAMP 
IF(FACT(41-50.0)100,150,200 
· 100 RATI0=.8373255E-10*X**5-.3208667E-07*X**4t.4018683E-05*X**3t.58360 
*l6E-04*X**2t.2039687E-Ol*Xt~9437819 
PHI=.4540262E-08*X**5-.159~053E-05*X**4+,2809963E-03*X**3-.3286C52 
*E-Ol*X**2t.3021838Et0l*X-.3325348 
GO TO 250 
150 RATIO=.l960143E-09*X**5-,7961717E-07*X**4+.1120121E-04*X**3-.48866 
*12E-03*X**2+.1772314E-Ol*X+.9475231 
PHI=-.4024513E-10*X**6t.2162906E-07*X**5-.55055C4E-05*X**4t.443625 
*3E-03*X**3-.l9l3939E-Ol*X**2+2.7219ll*X-.2531528 
GO TO 250 
200 RATI0=-.534419E-10*X**5+.2637328E-07*X**4-~4172151E-C5*X**3t•2939l 
*47E-03*X**2-.380l871E-02*Xt.100734Et01 
"'C 
QI 
<O 
n> 
...... 
CX> 
.....,, 
PHJ=.3576522E-07*X**5-.~l58594E-05*X**4•,8799024E-03*X**3-.2932322 
*E-Ol*X**2+.2120712E+Ol*X-.Sl54q6a 
250 C(Jl=CMEAS(Jl*RATJO 
P(Jl=PMEAS(Jl+PHI 
300 CONTINUE 
RETURN 
END 
SUBROUTINE CALCUL 
COMMON DUHMY1(36091,FACT(41,DUMMY2(26),Il,II,III,S(20),0UMMY3(3),S 
*AMP1,DUMMY4(28t,ALVP(llt,BLVP(lll,AAOF(ll),BAOF(lll,ALVPC(lll,BLVP 
*C(ll),AAOFCClll,BAOFC(lll,CPG(lll,PHIPG(lll,CZG(llt,PHIZGClll,OUMH 
•Y 5 ( 481 , NOOG, NRUN, DUMMY 6 f3 I, NP RESS, NSTATE, FREQ ,NAWAY, NUMC YC, NOFFON, 
*IPRESS(3,l29),JSTATE(3,l291 
DIMENSION APG(llt,BPG(lll,AZG(lll,BZG(lll 
COMPLEX PLV1,PLV2,QA1,QA2,PG,ZG 
DC 40 I=l,11 
PLVl=CMPLX(AlVP(IJ,eLVP(Ill 
PLV2=CMPLX(ALVPC(J),fLVPC(Jlt 
QAl=CMPLXCAAOF(Jl,BAOF(J)) 
QA2=CMPLXCAAOFCCIJ,eAOFC(Ill 
PG=(PLVl*OA2-PLV2*0All/(QA2-QAll 
ZG=(PG-PLVl)/QAl 
APG(J)=REAL(PG) 
B PG ( II =A I MAG (PG I 
A ZG ( H =RE .6 L ( Z GI 
BZG( II =AIMAGCZGI 
40 CCNTINUE 
CALL PHASGR(APG,BPG,CPG,PHIPG,11 
CALL PHASOR(AZG,BZG,CZG,PHIZG,l) 
DO 50 I=ltll 
"'O 
ell 
c.o 
(1) 
..... 
00 
00 
CZG(Jl=CZG(Il*1333.2894 
50 CONTINUE 
IDCG=NDOG-50 
NPRESS=IPRESS(IOOG,NRUNI 
NSTATE=ISTATE(IDOG,NRUNt 
FREQ=FACT(ll/SAMPl 
NAWAV=III-11 
NUMCVC=O 
DO 60 I=lltll 
lf(S(J).EQ.O.OtGO TO 60 
NUtJCVC=NUMCYCtl 
60 CONTINUE 
IF(ALVPC(lt.LE.ALVP(ltlNOFFON=O 
IF(ALVPCCll.GT.ALVP(ltlNOFFON=l 
RETURN 
END 
sueROUTINE MOMENT 
WRITE(6,5) 
5 FORMATC93X, 1 "HEARll"'l 
CALL IDATE(IVEAR,IOAV) 
WRITE(6,10iIDAY,IYEAR 
10 FCRMAT(90X,J3,• DAY OF l9 1 ,l2) 
CALL TIMECIHOUR 9 IHIN,ISECI 
WRITE(6,20)1HOUR,IMIN,ISEC 
20 FOPMATC93X,A2, 1 :',A2,•: 1 ,A2t 
RETURN 
END 
SUBROUTINE ERROR 
COMMON DU~MY1(3672t,EPGCllt,EZG(ll),ALVP(lll,BlVPlllt,AAOFCllt,BAO 
*F(llt 9 ALVPC(llt,BLVPC(llt,AAOFCCll) 9 BAOFC(lll 
-c 
°' Ul tD 
.-
~ 
DIMENSION PLVl(llt,PLV2(llltQl(lll,Q2(llltPHI(lll 
CALL PHASOR(ALVP,BLVP,PLVl,PHI,l) 
CALL PHASOR(ALVPC,BLVPC,PLV2,PHI,ll 
CALL PHASOR(AAOF,BAOF,Ql,PHI,ll 
CALL PHASOP(AAOFC,BAOFC,Q2,PHI,ll 
DO 10 I=l,11 
A=ABSCQ2(11/(Q2(11-Ql(lll*•Ol*PLVl(lll 
B=ABS(-Ql(ll/(Q2(11-Ql(lll*•Ol*PLV2(Itl 
C=ABS(Q2Clt*CPLV1(11-PLV2(1ll/((Q2(1t-Ql(ll)**2)*,05*Ql(llt 
D=ABS(Ql(ll*(PLV2(1l-PLVl(l)t/((Q2(1J~Ql(lll**21*~05*Q2(1)t 
EPG(lt=A+B+C+D 
A=ABS(l.0/(Q2(1t-Ql(1) t*.Ol*PLV1(111 
B=ABS(-l.0/(Q2(Il-Ql(llt*•Ol*PLV2(1tt 
C=ABS((PLV1(1)-PLV2(J))/((Q2(1t-Ql(lll**21*•05*Ql(ltl 
D=ABS((PLV2(1t-PLV1Cltt/((Q2(It-Ql(ltl**21*•05*Q2(Ill 
EZG(l)=(AtBtC•Dl*l333.2894 
10 CONTINUE 
RETURN 
E~D 
sueROUTINE CYCLES 
DIMENSION NTEST(l200t,NHOL0(401,NHOL01(40t,NSMP1(~01 
CCMMCN ILVP(l2001,IAOP(l200),DUMMY1(12131,NSMP(20J,JNO,DUMMY2(2~2) 
*tNFIXIT,DU~~Y3,NOIAS · 
LS~P=O 
00 10 I=l,JNO 
LSMP=LSMPtNSMP(lt 
10 CONTINUE 
DO 20 I=l,LS~P 
NTEST(ll=ILVP(lt 
lf(NFIXIT .EQ. llNTEST(lt=NTEST(ll/100 
"O 
QI 
IQ 
(I) 
..... 
l.O 
0 
20 CONTINUE 
JNOl=JNO 
JNC=O 
NSWICH=l 
DC 50 J=l,40 
IF(NSWICH .EQ, O)GO TO 50 
NGRAD=O 
DO 30 I=l,LSMP 
IF(NGRAO .GE. NTEST(ll)GO TO 30 
NGRAO=NTEST (11 
L=I 
30 CCNTINUE 
NHOLO(J)=l 
If(NTEST(L) .GE. 60)GO TO 35 
NSWICH=O 
GO TO 50 
3 5 J~'C= JNO-t l 
Ll=L-20 
IF(ll .LT. llll=l 
L2=Lt20 
IF(L2 .GT. LSMPlL2=LSMP 
DO 40 K=Ll,L2 
NTEST(Kl=O 
40 CONTINUE 
50 CONTINUE 
DO 90 I=l,JNO 
~=NHOLCClt 
NSWIT=l 
70 JF(NOIAS .EC. OIM=N-1 
JF(NOIAS .EQ. llM=N-tl 
"tJ 
Ill 
tO 
'1> 
...... 
\0 
...... 
IF(M .GT. OIGO TO 15 
l\=M 
GO 10 80 
15 IF(M .GT. LSMP)GO TO 80 
lf(IAOP(M) .LT, IAOP(N))NSWIT=O 
If(IAOP(Ht .GE. IAOP(Nt .ANO, NSWIT ,EQ, O)GO TO 78 
17 lf(NOIAS .EQ, OtN=N-1 
Jf(NOIAS ,EQ, l)N=Ntl 
GO TO 70 
78 lf(NOIAS .EQ. l .oR. N ,LE, 3)GO TO 80 
NCHK=N-1 
MCHK=N-2 
l<CHK=N-3 
lf(IAOP(MCHK) .LT. IAOP(NCHKt .ANO. IAOP(KCHKt ,LT. IAOPCNCHKtlGO 
•TO 77 
79 LCHK=Ntl 
IF((IAOP(LCfK)-IAOP(Ntt .GT. lOOIGO TO 80 
N=Ntl 
IF(N .LT. ~HOLO(lt)GO TO 19 
N=N-10 
WRITE(6,200H,N 
80 NHOLO(l)=N 
90 CCNTINUE 
DO 100 l=l,JNO 
NHOLOlCit=~fOLO(lt 
100 CCNTINUE 
DO 120 I= 1, J NO 
NGRAO=l201 
DO 110 J=l,JNO 
lf(NGRAO .LE. NHOLOl(J)tGO TO 110 
"O 
~ 
lD 
..... 
\0 
N 
NGRAD=NHOLOl(Jt 
l=J 
110 CONTINUE 
NHOLDCit=NHCLDl(Lt 
NHOLDl(L)=l201 
120 CONTINUE 
NSMPl(lt=NHCLO(lt 
D 0 130 I = 2 , JN 0 
J=I-1 
IFCNHOLOClt .NE, OtNSMPl(lt=NHOLD(J)-NHOLO(J) 
IFCNHOLOClt .EQ. OINSMPlfJ)=NHOLOCI•-NHOLO(J) 
130 CONTINUE 
IFCNHOLO(lt ,EQ. OIJNO=JN0-1 
IF(JNO .GT. 201JN0=20 
DO 160 l=l,JNO 
NSMP (I) =NSMPl (It 
IFINSMP(I) .GT. 1501WRITEC6,155)I,NSMPCit 
155 FORMATC 1 1•,5x,•CVCLE NO. •,12, 1 HAS •,13,1 SAMPLES') 
I 160 CONTINUE 
C IFCJNO .NE. JN011WRITEC6,l80)JN01,JNO 
180 FORMAT( 1 1 1 ,5X, 1 NUMBER OF CY.CLES CHANGED FROM 1 ,12, 1 TO •,12, 1 ;'t 
200 FCRMATC•l•,• CYCLE NO. •,12, 1 REQ-0 AN ARBITRARY BEGINNJNG AT•,14) 
RETURN 
END 
SUBROUTINE PRINT 
COMMON OUMMY1C364ll,1II,SC20l,DUMMY2C4l,STOEV(6t,EPG(llt,EZGClll,A 
*LVPCll),BLVPClll,AAOF(ll),BAOFlll),ALVPC(ll),BLVPCCll),AAOFCCllltB 
*AOFCClll,CPGC111 1 PHIPG(lll,CZGClll,PHIZG(lll,OUMMV3(46t,IPRINT,NOA 
*TA,NDOG,NRUN,OUMMY4(2),NOIAS,NPRESS,NSTATE,FREQ,DUM~Y6C2t,NOFFGN 
2 FORMAT( 1 1 1 ,70X,•(CYCLES BEGINN1NG AT DIASTOLE)', 
"C 
Ill 
<.O 
CD 
...... 
l.D 
w 
4 FOFMAT( 1 1' 1 70X,•(CYCLES BEGINNING AT SYSTOLE)') 
6 FORMAT(71X, 1 (BALLOCN PRESSURE •,13, 1 , HEART STAlUS 1 ,Il) 
8 FORMAT(71X 9 1 (l=NORMAL,2=DENERV,3=0CCLUD,4=DENOCI)') 
15 FORMAT(lH0/16X, 1 DOG •,13,• RUN •,J3,9X, •s.s. CHANGED AV FREQ ON-
*OFF I , 
25 FORMAT(lH0/16X, 1 DOG •,13,• RUN •,I3,9X, •s.s. CHANGED AV FREQ CFF 
•-CN I) 
30 FOPMATl40X,J2,5X,12,5X,F5.2) · 
40 FORMAT(40X,J2) 
50 FCRMAT(lH0/29X, 1 LVP•,6X, 1 AOF•,30X,•SOURCE PRESSURE 1 ,12x,•soURCE IM 
*PECANCE I, 
60 FORMAT ·f27X~•fMM HG) (CC/SCl',13X,•HARMONIC MAGNITUDE PHASE ER 
*ROR MAGNITUDE PHASE ERROR') 
70 FORMATH5X,' DC: 1 ,49X, l(MM HG) (OEGI (MAGI (DV*S/CM**51 (DEG) 
*(MAGl 1 1 
80 FO~MAT(l5X, 1 s.s. AVG •,F7.3,2X,F7.3,16X, 1 DC 1 ,1X,F6.l,10X,F6.l,5 
*X,F6.0,10X,F6.0I 
90 FORMAT(l5X,• s.o. 1 ,7X,F7.3,2X,F7.3,17X,•1 1 ,1x,F6.l,2X,F6.l,2X,F6.l 
•,5X,F6.0,2X,F6.l,2X,F6.0) 
100 FORMATU5X, 1 CHANGED •,F,7.3,2X,F7.3,17X, 1 2•,1x,F6.l,2X,F6.l,2X, 
*F6.l,5X,F6.0,2X,F6.l,2X,F6.0) 
110 FORMAT(60X,•3•,7X,F6.lt2X,F6.l,2X,F6.l,5X,F6.0,2X,F6.l,2X,F6.0I 
120 FORMAT(l5X,• FUN0:•,39x,•4•,1x,F6.1,2X,f6.l,2X,F6.l,5X,F6.0,2X,F6. 
*l 9 2X,F6.0I 
130 FO~MAT(l5X, 1 A S.S. AVG •,F7.3,2X,F7.3,17X, 1 5•,1x,F6,l,2X,F6.l,2x, 
*F6.l,5X,F6.0,2X 1 f6.l,2X,F6.0) . . . 
140 FORMAT(l5X,• S.D. 1 ,7X,F7.3,2X,F7.3,l7X, 1 6•,1X,F6.1,2x,F6.l,2X,F6.l 
•,5X 1 F6.0,2X,F6.l,2X,f6.0I 
150 FORMAT(l5X, 1 A CHANGED •,F7.3,2X,F7.3,17X,•7 1 ,1X,F6.1,2X,F6.1,2x, 
*F6.l,5X,F6.0,2X,F6.l,2X,F6.0) 
"'O 
Al 
(Cl 
l'D 
.... 
l.O 
~ 
160 FORMAT(l5X,• B s.s. AVG •,F7.3,2X,F7.3,17X,•a•,1X,F6.l,2X,F6,1,2x, 
*F6.l,5X,F6.0,2X,F6.l,2X,F6.0I 
170 FCRMAT(l5X,• s.o.•,7X,F7.3,2X,F7.3,l7X,•9•,1x,F6.1,2x,F6.l,2X,F6.l 
*•5X,F6.0,2X,F6.l,2X,F6.0) 
180 FORMAT(l5X,• B CHANGED •,f8.3,2X,F7.3,l6X, 1 10•,1X,F6.1,2x,F6,l,2x, 
*F6.l,5X,F6.0,2X,f6.l,2X,F6.0I 
I PR I NT=I P~ I t\T +l 
IF((IPRINT/21*2·NE.IPRINT.ANO.NOIAS.EQ.l)WRITEC6,2t 
Jf((IPRINT/21*2.NE.IPRINT.AND.NOIAS,EQ.O)WRITE(6,4) 
lf((IPRINT/2)*2•NE.IPRINT)WRITE(6,6)NPRESS,NSTATE 
IFC(IPRINT/21*2.NE.IPRINTIWRITE(6,8) 
IF(NCFFON.EC.O)WRITE(6,151NDOG,NRUN 
IF(NOFFON.EC.l)WRITE(6,25)NOOG,NRUN 
f"=O 
DO 2 20 I = l , 2 0 
IF(S(Il.EC.0.0)GO TO 220 
IF(M.EQ.ltGO TO 210 
WRITE(6,30)1,III,FREQ 
M=l 
GO TO 220 
210 WRITE(6,4011 
220 CCNTINUE 
WRITE(6,50) 
WRITEC6,60) 
WRITE(6,70t 
WRITE(6,80IALVPCll,AAOF(l),CPG(l),EPGCll,CZGClt,EZG(l) 
WRITE(6,90)STOEVC1),STDEVC21,CPGC21,PHIPG(2),EPG(2t,CZG(2),PHIZG(2 
*) , E ZG ( 2 I 
WRITE(6, lOO)ALVPCC 1) ,AAOFCCU ,CPG(3) ,PHIPG(3) ,EPG( 31 ,CZGC3t ,pHIZG( 
*3) , E ZG ( 3 l 
"C 
QI 
\0 
Cl> 
..... 
\0 
<Tl 
WRITE(6,110JCPG(41,PHIPG(41,EPG(41,CZG(41,PHIZG(41,EZG(41 
WRITE(6,120)CPGC51~PHIPG(51,EPG(51,CZG(51,PHIZGC51,EZG(51 
WIH TE( 6, 130 I Al VP C 2 l , AAOF ( 2 I, CPG ( 6) , PH IP G ( 6 I , E PG ( 6) y C ZG ( 6 I , PH I ZG C 6 I 
•,EZG(61 · 
WRITE(6,1401STDEV(3t,STDEV(51,CPG(7t,PHIPG(7t,EPG(71,CZG(7),PHIZG( 
*71,EZG(7) . 
WRITEf6,l50IALVPC(2t ,AAOFC(2t ,cPGC 01, PHIPG(81,EPGC01 ,czGc01,PHIZGC 1 
*8t,EZG(81 
WRITE(6,i60)BLVPC2),BA0f(2),CPG(9J,PHIPG(9J,EPG(9),CZG(9),PHIZG(91 
*1EZG(9) 
WRITE(6,l701STDEV(41,STDEV(6),CPG(l0t,PHIPG(l0) 1 EPG(lOl,CZG(l01 1 PH 
*IZGClO),EZGliOI 
WRITE(6 1 180IBLVPCC21 1 BAOFC(2),CPG(lll 1 PHIPG(lll 1 EPG(lll,CZG(lll,PH 
*I ZG(ll I 1EZG(lll 
RETURN 
END 
"C 
°' tO ti> 
~ 
\0 
O"I 
APPENDIX C 
11 PROGRAM TO TEST THE DIASTOLIC COMPLIANT PROPERTIES OF THE 
" L.V. TIME DOMAIN MODEL 
II 
,, 
II 
II PAS I VE 
"THIS PROGRAM TESTS THE COMPLIANT PROPERTIES OF •MODEL 1 
" INPUT ARE THE DIASTOLIC PRESSURE AND THE FRACTION OF WALL THICKNESS 
" FROM THE ENOOCAROIUH AT WHICH STRAIN IS CONSIDERED 
DI ME NS I CN RO no, 'HO ( 10 I 'RD I As ( 10, t HD I AS ( 10 I 
EDP=8.0 
E=2.71828 
PI =3 • l 'i 16 
BETA=5.0 
ALPHA=3.0 
FACTCR=0.01 
Z=0.6032 
ROI AS( l l=l .3'H2 
RDIASf 21=1.4921 
ROIAS(31=1.5495 
RDIAS(41=1.5682 
ROIAS(5)=1 ~ 5495 
RDIAS(6)=1.492l 
ROIAS(7)=l.3912 
ROIAS(Bl=l.2361 
ROI AS (91 =1.0020 
ROIAS(l0)=0.6032 
HCIAS(l )=0.9516 
HOIAS(2t=0.9784 
-0 
QI 
tO 
ID 
..... 
"" ...... 
HOIAS(31=0.<J4:l46 
HOIAS(4)::1.0 
hOIAS(5)::Q.9946 
tiDIAS(6)=0.9784 
HDIAS(71=0.95l(> 
~OIAS(8)=0.<J15l ' 
HDIAS(<J):0.8743 
fOIAS(l0)=0.8691 
10 WRllE(6,20) 
20 FORMAT(' DIASTOLIC PRESSURE;•• 
REA0(5,*)PRES 
WRITE(6,30) 
30 FORMAT(' FRACTION INTO WALL FOR STRAIN;'t 
REA0(5,*IY 
DC 40 J=l,10 
RO(I )=RDIAS( I) 
35 RO(J)::RO(l)-FACTOR 
HO(l)=-RO(l)tSQRT(R0(11**2t2.0*RDIAS(l)*HOIAS(l)tHDIAS(l'*~21 
.X=(RDIAS(li•Y*HOIAS(J))/(RO(l)tY*HOClt) 
SIGMA-BETA*(X**2-l.O/X)*E**(ALPHA*(X**2•2.0/X-3~0tl 
PO=SIGMA*HDIAS(J)/RDIAS(ll 
IFCPO.LT.EDP)GO TO 35 
40 CONTINUE 
VCL-o.o 
DC 70 I= 1, 10 
R=0.2 
50 R::Rtf ACTOR 
IFIR,GT.3.0)GO TC <JO 
H=-RtSQRT(R**2t2,0*RO(l,*HO(lltH0(1)**2l 
X=(R•V*Hl/(ROCiltY*HO(lll 
"t:J 
111 
<O 
CD 
-
lO 
(X) 
SIGMA=BETA*(X**2-l.O/Xl*E**(ALPHA*<X**2t2.0/X-3.0tl 
P=SIGMA*H/R 
JF(P.LT.PRESIGO TC 50 
V=PI*R**2*Z 
WRITE(6,60tl,P,R,v,x 
60 FORMAT(lOX,•I,P,R,v,x=•,12,4F8.4t 
VCL=VOltV 
70 CCNTINUE 
WRITE(6,80tVOL 
80 FORMAT(' DIASTOLIC VOLUME= 1 ,F8.4) 
GO TO 10 
<JO WRITE(6,lOOt 
100 FORMAT(' EXCEED R OF 3.0• I 
STOP 
E~O 
"C 
Al 
IQ 
rt> 
...... 
\0 
\0 
APPENDIX D 
" PROGRAM ANALYZING THE TIME DOMAIN L,V, MODEL 
II 
" II 
11 MODEL 
"THE .,.AXIMUM NUMBER OF SHELLS (NSEG) JS 10; 
"THE MAXIMUM NUMBER OF POINTS IN THE HEART CYCLE (NCYCLEI JS 85, 
1110 SIMULATE MYOC,ROIAL INFARCT IN A SEGMENT DURING 'SOVOLUMJC CONTRACTION, 
" SEE LINE 4688. 
DIMENSICN RA0(851 
COMMON RADIUS(l0,85),J,NSEG,OELZ,TOTVOL,NUMPTS,NCYCLE,FLOW(85J,OELT,EOV,ESV,-
DJASP,TO,THICK(l01,NSWJTC101,SYSOUR,OELAY,AOP(861,NOUT(l01,QSEG(l0,851 
II 
11 THE END-DIASTOLIC VOLUME (CCI: 
EOV=35.0 
"ThE STROKE VOLUME (CCI: 
SV=l2.77 
"THE ENO SYSTOLIC VOLUME: 
ESV=EDV-SV 
11 THE EQUITORIAL TtiICKNESS OF THE' L.V. WALL AT END DIASTOLE (CHI: 
10=1.0 
"THE UNIFORM PRESSURE IN TfE L.y, AT ENO DIASTOLE (MM HGI: 
CIASP=6.0 
"THE NUMBER OF CYLINDRICAL SEGMENTS MODELING THE L.y,: 
NSEG=lO 
"lHE TIME DURATION OF THE CARCIAC CYCLE (SEC): 
C YCOUR=O .4 25 
"THE TIME DURATION OF EJECTION CSECt: 
S'l'STLE=0.120 
-c 
Ill 
lO 
n> 
N 
0 
0 
"FROM GUYTON, PAGE 164, 
"THE DELAY OF CCNTRACT!ON OVER THE L, V, FROM APEX TO VALVE (SECt: 
DELAY=0.066 
"THE DURATION OF SYSTOLE PLUS DELAY (SECt; 
SYSDUR=SVSTLE~DEL~Y 
"THE TOTAL NUMBER OF POINTS CONSIDERED IN THE CARDIAC CYCLE: 
NCYCLE=85 
"THE NUMBER OF POINTS CONSIDERED IN SYSTOLE: 
NUMPTS=SYSDUR*NCYCLE/CYCOUR 
"THE TIME BETWEEN POINTS: 
DELT=CYCOUR/NCYCLE 
II 
" TO PLOT THE RADII OF THE L.V. VS. TIME, NOUT(lt=l; 
f\OUT (1 t =l 
" TO PLOT THE OUTLINE OF THE L.V. VS. TIME, NOUTl2t=l: 
NOUTC2t=l 
11 TO FLOT L.V. FLGW VS. TIME, NOUT(3t=l: 
t\CUT(3t=l 
11 TO PLOT AORTIC PRESSURE VS. TIME, NOUT(4)=1: 
t\CUT(4l=l 
11 TO PRINT ADP, L.V. FLOW, ANO L .• V. INERTIAL, VISCOUS ANO COMPLIANT PRESSURES, 
II NC:UT(5)=1: 
NOUT(5l=l 
11 TO PLOT THE L.V. PRESSURE DISTRIBUTION FOR EACH SEGMENT VS. TIME, NOUT(6t=l: 
f\CUT(61=1 
" TO PLOT THE PRESSURE DISTRIBUTION IN THE L.V. FOR EACH POINT IN TIME, 
II NOUT(7)=1: 
NGUT(7t=l 
" TO PRINT THE FLOW AND PRESSURE OF EACH SEGMENT WITH TIME, NOUT(St=l: 
NCUTC8l=l 
-0 
QI 
IQ 
C1) 
N 
0 
~ 
"TO PRINT WALL THICKNESS, R(EOP=Ot, R(J,JI, SIGMA, PCOMP, NOUT(91=1: 
NOUT(91=1 .. 
II 
CALL RAOSET 
CO 50 J=l,NCYCLE 
FLOW(Jl=O.O 
Jf(J.LT.NSWJT(lllGO TO 50 
DO 40 I=l,NSEG 
FLOW(Jl=FLOW(JltCSEG(l,JI 
40 CONTINUE 
11 WRJTE(6,451J,FLO\<\(JI 
45 FO~HAT(I3,Fl0,21 
50 CCNTINUE 
I F ( ~OUT ( 11 • NE • l I G 0 T 0 8 0 
00 70 I=l,NSEG 
CO 60 J=l,NUMPTS 
RAC(Jl=RADIUS(J,JI 
60 CONTINUE 
W~ITEC6,6511 
6 5 F 0 RM AT ( 50 X , ' R AC I US ( ' , I 2 , ' I ' t 
70 CALL PLOTT(RAC,NUMPTs,o.o,DELT) 
80 lf(NOUT(21.NE.11GO TO 140 
MSEG=NSEGtl 
tJ =NU M PT S -t l 
f\=NUt'PTS-t-2 
DC 130 J=l,N 
0 O 9 0 I = 1 , NS E G 
90 RAOCll=RADIUS(I,JI 
RAD(MSEGl=lO.O 
IF(J.LT.MIWRITE(6,100)J 
"1:l 
l.ll 
~ 
Cl> 
N 
0 
N 
100 FORMAT(50X, 'TIME(', 12, 'l' I 
If (J.EQ.MtWRITE(6,110) 
110 FOPMAT(50Xr'AVERAGE RADII') 
lf(J.EQ.NtWRITE(6,120) 
120 FORMAT(30X,•OEVIATION OF RADII FROM AVERAGE•) 
CALL PLOTT(RAO,MSEG,o.o,oELZI 
130 CCNTINUE 
140 JF(NOUTC31,NE.11GO TO 160 
150 FO~MATC50X 1 1 L,V, FLOW' I 
\t,RITEC6,1501 
CALL PLOTT(FLOW,NCYCLE,o.o,oELT) 
160 CALL AORl.GZ 
CALL VENTCL 
STOP 
ENO 
SUBROUTINE VOLUME 
COMMCN R(l0,85),J,NSEG,OELZ,TOTVOL 
TOTVOL=O.O 
DC 10 l=l,NSEG 
TOTVOL=TOTVOL+3.1~16*RCl,Jf**2*0ELZ 
10 CONTINUE 
f<ETU~N 
Et-.D 
SUBROUTINE RADII 
COMMON R(l0,85) ,J,NSEG 1 0ELZ 1 TOTVOL,NUMPTS,OUMMY2(87trEDV,ESV,OUMMV31TO,THICK(lOI 
FACTCR=l.O 
F CT I ,.._.C=O .001 
ELLIPS=2.5 
,.._=0.3l*NSEG 
fl=NSEG+N 
-0 
QI 
IO 
m 
N 
0 
w 
N=N+l 
\JCL=EDV 
J=l 
10 A=((0.75*VOL)/(ELLIPS*3,1416Jl*•Cl,0/3,0) 
"THE OUTSIDE RADIUS OF THE L.V. AT THE EQUATOR; 
ACUTER=A+TO 
B=ELLIPS*A 
"THE OUTSIDE SEMI-MAJOR AXIS FOR CONFOCAL ELLIPSOIDS (DIEUDONNE, STREETERJ: 
BOUTER=SQRTf-A*•2tB**2•AOUTER•*21 
OELZ=(2.0*B)/M 
JSEG=O 
00 20 I=N,M 
Z=BtOElZ/2.0-I•DELZ 
JSEG=JSEG+l 
R(JSEG,Jl=SQRT(A••2-(A*Z/B)**29 
THICK(JSEG)=SQRT(ACUTER**2-(AOUTER*ZIBOUTERl**2)-R(JSEG,J) 
20 CCNTINUE 
CALL VOLUME 
11 WRITE(6,25)TOTVCL,EDV 
25 FORMAT(lX,2Fl0.4) 
IFCTOTVCL.~E.EOVlGO TO 30 
FACTOR=fACTORtfCTINC 
VOL=FAC TOR•E OV 
GG TO 10 
30 FACTCR=l.O 
J=NUMPT S 
40 FACTOR=FACTOR-FCTINC 
DC 50 I=l,NSEG 
R(J,Jt=FACTOR*R(l,1) 
50 CCNTINUE 
"'O 
~ 
\Q 
Cl> 
N 
0 
.i::. 
CALL VCLUME 
"WRITE(6,25)TOTVCL,ESV 
JF(TOTVOL.GT.ESVtGO TO 40 
RETURN 
END 
SUBROUTINE VENTCL 
DIMENSIC.N XPLOT(851,PJNERT(l0,851,PVISC(l0,851,PLV(l0,851,PCOMP(l0,85l,PlSO(lOI 
CGMMCN Rll0,85),CUMMYl,NSEG,DELZ,DUMMY2,NUMPTS,DUMMY3,Q(851,DELT,OUMMY4(41,-
T~ICK(lO),NSWJT(l0),DUMMY5(2),AOP(86),NOUT(l0t,QSEG(l0,85t 
PI=3.1416 
E=2.71828 
FCTINC=0.001 
11 \IJSCOUSITY OF BLCOD (POJSEl= 
VI SC=0.04 
11 0ENSJTY OF BLOOD (GR/CC): 
RHO=l.05 
11 TO CONVERT DYNE/CM**2 TO MM HG: 
CC NVER=O .00076 
11ThE CONSTANTS FOR THE STRESS-STRAIN RELATION FROM WEISS (LINE 2650l 9 
11 (ALPHA IN MM ~G; BETA NC DIMENSION) . . . 
ALPHA=5.0 
BETA=3.0 
11 NUMP1S t 3 HOLDS THE RADII AT WHICH THERE IS NO COMPLIANT PRESSURE; 
t\=NUMPTSt3 
"MYOCARDIAL ACTIVE ISOMETRIC TEf\SION (2 GR/MM**2 CONVERTED TO MM HGtF~OM TAYLOR; 
SIGMA1=2.0*73.54 
DO 20 I=l, NSEG 
IF(NOUT(9).EQ.l)WRITE(6,311 
3 FORMATllHO' SEGMENT•,13, 1 J THICKNESS RCEDP=OI R(I,Jt SIGMA PCOMP•t 
00 10 J=l,NUMPTS 
"C 
QI 
~ 
CD 
N 
0 
01 
FCOMP(I,J•=O.O 
"CONSERVATION OF MATTER YIELDS A DIFFERENT WALL THICKNESS FOR DIFFERENT RADII: 
T=-R(1,JltSQ~T(R(J,Jl**2t2.0*RfI,ll*THICK(I••THICK(11**21 
TN=-R(I,N•tSQRT(R(J,N1**2•2.0*R(J,ll*THICK(IttTHICK(I )**21 
"THE STRESS IN THE WALL DURING ISOMETRIC CONTRACTION IS EITHER ACTIVE 
II OR P~SSIVE: 
IF(J.GE.NSWIT(lllGO TO 4 
1F(R(l,Jl.LT.R(l 1 Nl1GO TO 10 
XLAMDA=(R(J,JltT/2.01/(R(J,NltTN/2.0I 
SIGMA=ALPHA*(XLAMCA**2-l.O/XLAMDAl*E**fBETA*(XLAMDA**2t2.0/XLAMOA-3,0tt 
GO TO 6 
4 SIGfJA=SIGMAl 
"RADIUS, PRESSURE, WALL THICKNESS, WALL STRESS FOR A CYLINDER (CERNICA P.82); 
6 PCOMP(J,Jl=SIGMA*T/R(I,Jt 
lf(NOUT(91.EQ.ltWRITE(6,8)J,T,Rll,Nl,R(l,Jl,SIGMA,PCOfJP(l,J1 
8 FORMATl12X,13 1 1X 1 5F9.41 
10 CCNTINUE 
20 CCNTINUE 
DC 2 5 I= l t NS EG 
FINERT(J,l)=O.O 
25 CONTINUE 
CO 40 J=2,NUMPTS 
~=J-1 
QTHRlJ=O.O 
t\=l+NSEG 
DC 30 I=l,NSEG 
N=N-1 
QTHRU=QTHRUtQSEG(~ 1 Jl 
OVDT=(QTHRU/(Pl*R(N,Jl**2)-(QTHRU-QSEG(N,Jll/(Pl*R(N,Ml**21t/DELT 
" NOTE: THE FOLLOWING CAN BE ALTERED TO REPLACE RCL,JI IN LINE 2730 
"C 
QI 
<O 
CD 
N 
0 
0\ 
" WITH THE AORTIC INPUT RADIUS FOR I=l; 
If(N.EQ.UL=N 
IF(N.NE.lll=N-.l 
VDVDZ=(QTHRU/CPI•RCN,JJ**21l*(QTHRU/(PI*R(L,Jl**21-QTHRU/CPt•RCN,Jl•;211/DELZ 
FORCE=RHC*QSEGCN,Jl*DELT*(DVDT•VDVDZI . . 
PINERT(N,Jl=CCNVEF*FORCE/(PI*R(N,Jl**2t 
30 CCNTINUE 
40 CONT I NUE 
DO 60 J=l,NUMPlS 
QTHRU=O.O 
f\=l•NSEG 
DO 50 I=l,NSEG 
N=N-1 
CTHRU=QTHRUtQSEG(N,JI 
PVISC(N,Jl=(CCNVER*8.0*VISC•QTHRU*OELZl/CPl*RCN,Jl**41 
50 CONTINUE 
60 CONTINUE 
O 0 8 0 J = l , NU M PT S 
JF(J.GE.NSWIT(l))PlVCl,J)=AOPCJltPINERTll,J)tPVISC(l,J) 
lF(J.LT.NSWIT(lllPLV(l,Jl=PCOMP(l,JI 
DC 70 1=2,NSEG 
1<=1-1 
IFCJ.GE.NSWIT(lllPLV(l,Jl=PLVCK,JltPJNERTCI,JltPVJSCCl,JI 
IF(J.LT.NSWIT(l)IPLV(I,Jl=PCGMP(J,J) 
70 CCNTINUE 
BO CCNTINUE 
"PRESSURE DISTRIBUTION JUST BEFORE OPENING OF THE VALVE, 
" CALCULATED AT ISOMETRIC TENSION AND DIMENSIONS AT THE LAST ZERO FLOW POINT: 
J=NSklTUl-1 
DO 85 I=l,NSEG 
"t:J 
°' IQ CD 
N 
0 
"" 
T=-R(J,J)tSQRT(R(J,Jt**2t2,0*RCI,ll*THICKCl)tTHICK(ll**2• 
PISOCii=SIGMAl*T/RCl,J) . 
es CCNTINUE 
IFCNOUTC5).NE.llGC TO 140 
W~ITE(6,90) 
90 FORMAT(lHO/lOX,•AORTIC PRESSURE•,sx, •L,V, flOW•,sx,•INERTIAL PRESSURE•,5x,-
1VISCOUS PRESSURE•,5X,•COMPLIANCE PRESSURE'I . . 
DO 130 l=l,NSEG 
WRITE (6 ,100) I 
100 fORMAT(lX,•SEGMENT',13) 
DO 120 J=l,NUMPTS 
WRITE(6 1 1101AOP(J),Q(Jl,PINERTCJ,Jl,PVISC(I,Jl,PCCMPCJ,Jl 
110 FORMATC15X,Fl0.4,4X,Fl0.4,12X,Fl0.4,llX,Fl0.4el4X,Fl0,41 
120 CONTINUE . . . 
130 CCNTINUE 
140 IFCNOUT(6l.NE,11GO TO 180 
CO 170 I=l,NSEG 
\\RITE(6,150) I 
150 FOFMAT(lH0/50X, 1 L.V,P,, SEGHENT',13) 
DO 160 J=l,NUMPTS . 
XPLOT(Jl=FLVCI,JI 
160 CONTINUE 
CALL PLCTT(XPLOT,NUMPTS,o.o,OELTI 
170 CCNTINUE . 
180 If(NOUTC71.NE.llGO TO 220 
DC 210 J=l,NUMPTS 
WRITE(6,l90)J 
190 FORMATC1H0/50X, 1 L.V,P,, POINT IN SYSTOLE:•,13) 
DC 200 I=l,NSEG 
XPLOT(J)=PLV(l,J) 
"O 
QI 
(Q 
n> 
N 
0 
CX> 
200 CONTINUE 
DELZ2=DELZ/2.0 
CALL PLOTT(XPLOT,NSEG,DELZ2,DELZt 
210 CONTINUE 
220 IF(NCUT(8).NE.ltGO TO 320 
IF(NSEG.LE~20)GO TO 240 
W~ITE(6,230) 
230 FORMAT(lHO/' lHE FORMAT FOR NOUT(Bl=l OUTPUT IS PESIGNED FOR NSEG.LE.20'1 
GO TO 320 
240 W~ITE(6,250) 
250 FO~MAT(lH0/ 1 TIME SEGMENT l SEGMENT 2 SEGMENT 3 SEGMENT 4 SEGMENT 5 -
SEGMENT 6 SEGME~T 1 SEGMENT 8 SEGMENT 9 SEGMENT 10 1 1 
00 310 J=l,NUMPTS 
WRITE ( 6, 2 60 I J, Q SEG ( l, JI , QS EG ( 2, J), QSE G ( 3, J ) , Q SEG ( 4, J l , Q SEG ( 5, J), Q SEG ( 6, J) , -
Q SE G ( 7, JI , Q SE G ( 8, J t, QS EG ( 9, JI, QSEG ( 10, J ) 
260 FC~MAT(lH0/ 1 QSEG,J=•,J2,10Fl0.4l 
WRITE(6,270)PCOMP(l,Jt,PCOMP(2,J),PCOMP(3,J),PCOMP(4,J),PCOMP(5,Jt,PCOMP(6 1 Jt,-
PCCMP(7,J) ,-
PCOMP(8,Jt, PCC~P(9,J) ,PCOMP( 10,J) 
270 FO~MAT( 1 PC(jf.IP= 1 ,lOFlO.'t) 
WRITE(6,280)PINERTfl,J),PJNERTf2,J),pINERT(3,J),PINERT(4,Jt,PINERTC5,J),-
PINERT(6,J) ,PINERT(7,J),PINERTC8,J),PINERT(9,J),pJNERT(l0,J) ' 
' . ' 
280 FOl'MAT(' PI NERT= 1 ,lOFl0.4) 
~RITE(6,290tPVISC(l,J),PVISC(2,Jl,PVISC(3,J),PVISC(4,J),PVISC(5,Jl,­
PVISC(6,J),PVISC(7,Jt,PVISC(8,Jt,PVISC(9,Jt,PVISC(lO,Jl 
290 FOPMAT( 1 PVISC= 1 ,lOFl0.4' 
WRITE(6,300lPLVfl,Jt,PLV(2,Jt,PLVf3,Jt,PLVC4,Jt,PLV(5,Jt,PLV(6,JI,~ . 
PLV(7,J),PLV(8,Jl,PLV(9,J),PLV(l0,J) 
300 FOfiMAT(I PLV= •,tOFl0.4) 
IF(J.EQ.(NSWITflt-lttWRITE(6,305tPISO(lt,PIS0(2~,PISOl3t 1 PISOf4ltPIS0(5),~ 
"'C 
Ill 
tO 
ro 
N 
0 
"° 
PIS0(6),PIS0(71,PIS0(8),PIS0(91,PISOC101 
3C5 FORMAT(lHO/' PISO= •,lOFlO.~I 
310 CONTINUE 
IF(NSEG.LE.lO)GO TO 320 
WRITE(6,312) 
312 FORMATllH0/ 1 TIME SEGMENTll SEGMENT12 SEGMENT13 SEGMENT14 SEGMENT15 -
SEGMENT16 SEGMENT17 SEGMENT18 SEGMENT19 SEGMENT20•) 
DO 314 J=l,NUMPTS 
WRITE(6,260)J,QSEG(ll,Jl,QSEGfl2,Jl,QSEG(l3,Jl,QSEG(J4,Jl,QSEG(l5,J,,-
QSEGCl6,Jt,QSEG(l7,J),OSEG(l6,J),QSEG(l9,Jt,QSEGC20,J) 
WRITE(6,270)PCOMP(ll,Jl,PCOMPfl2,Jl,PCCHPC13,Jl,PCOMPfl4,J),PCCMP(l5,J,,-
PCOMPC16,Jt ,PCC~P(l7,Jl,PCOMP(l8,Jl,PCOMP(l9,Jl,PCOMP(20,JJ 
WRITE(6,280tPINERTCll,J),PINERT(l2,Jl,PINERTC13,J),PINERT(l4,Jt,PINER1(15,Jl,-
PINERT(l6,Jl,PINERT(l7,Jl,PINERT(l6,J),PINERT(l99J),PINERT(20,Jt 
WRITE(6,290)PVISCCll,JJ,PVISC(l2,Jl,PVJSC(l3,Jt,PVISC(l4,J),pVJSC(l5,Jl,-
PVISC(l6,Jt ,PVISC(l7,J),PVISC(l8,J),PVISC(l9,Jl,PVisc(20,J) . 
WRITE(6,300tPLV(ll,Jt,PLVC12,Jl,PLV(l3,J),PLVfl4,Jl,PLV(l5,J),-
PLV(l6,Jt ,PLV(l7,Jt,PLV(l8,J),PLV(l9,J),PLV(20,JI 
lf(J.EQ.(NSWIT(l)-l))WRITE(6,305JPISO(lll,PISOC121,PIS0(13t,PISO(l4t,PIS0(151,-
PIS0(161,PISO(l1t,PISO(l61,PISO(l91,PIS0(201 
314 CCNTINUE 
320 ~ETU~N 
Ef\'D 
SUBROUTINE AORTAZ 
DIMENSION AO(llt,BQ(ll),CQ(lll,PHIQ(lll,CP(ll),PHIP(lit,CZ(llt,PHIZ(llltAP(lll,-
eP(llt 
CCMMON DUMMY1(855t,NCYCLE,Q(851,DELT,DUMHY2(261,AOP(86),NCUT(l0) 
"CANINE AORTIC INPUT IMPEDANCE (FROM PATEL): 
CZ(l)=3.26 
CZ(21=0.261 
"O 
"' I.Cl RI 
N 
..... 
0 
CZ(31=0.179 
CZ('tl=0.163 
CZf 5)=0.155 
CZl61=0.l76 
CZC71=0.121 
CZ(81=0.l96 
CZ(9J=0.156 
CZ ( l 0 t =O .189 
CZ(lU=0.254 
PH I Z U I =O. 0 
PHIZ(21=-58.0 
PH·IZ(3)=-45.0 
PHIZ(41=-32.0 
PHIZ(5)=-18.0 
PHIZt61=-25.0 
PHIZ(71=-30.0 
PHIZ(81=-36.0 
PHIZ(91=-4.0 
PH I Z (10 I =-30 • 0 
PHIZUl)=-50.0 
11 0ETERMINE THE FOURIER COEFFICIE'NTS Of L,V. FLOW: 
CALL FOURJE(AQ,eQ,c,11,11 
CALL PHASOR(AQ,eQ,CQ,PHIQ,l) 
11 CALCULATE THE FOURIER COEFFICIENTS OF AORTIC PRESSURE; 
DC 30 I=l,11 
CP(l t:::CQlI l*CZ( It 
PHIPflt=PHIQ(l)tPHIZ(I) 
30 CONTINUE 
CALL PHASOR(AP,eP,CP,PHIP,ot 
CALL FCURIEf AP,eP,AOP,11,-1) 
"C 
Ill 
IQ 
tt> 
N 
...... 
...... 
IFCNOUTC4l.NE.l)GC TO 50 
MCYCLE=NCYCLEtl 
AOP(MCYCLEt=O.O 
WfUTE(6,40t 
40 FORMAT(lH0/50X,•AORTIC PRESSURE•t 
CALL PLCTT(AOP,MCVCLE,o.o,OELTt 
50 RETURN . 
ENO 
SUBRGUTINE PHASCR(A,B,C,PHI1ll 
DIMENSION Atllt,B(llt,C(llt,PHI(ll) 
·. . ' . 
DO 90 I=l,11 
If(L.EQ.OIGO TO 10 
IF(8(1).GE.O.OlGO TO 50 
IF(A(lt.GT.O.OlGO TO 55 
ADD=-180.0 
GO TO 60 
50 IF(A(l).GE.O.OtGO TO 55 
ADD=l80.0 
GO TO 60 
55 ADD=O.O 
60 PHl(lt=-(ATAN(B(Il/A(IJt•lB0~0/3,1416+ADDl 
C(lt=SQRT(A(l,**2•8(1)**2) 
GO TC 90 
10 A(l)=C(It*COS(PHl(It*3.l416/l80.0I 
B(I•=-C(ll*SIN(P~I(ll*3,1416/180.0l 
90 CCNTINUE 
RETURN 
Ef\D 
SUBROUTINE FOURIE(A?B,F,NHARM,Ll 
OIMENSICN A(lll,BUll,F(B5l 
"U 
QI 
\0 
CD 
N 
-
N 
CCMMCN DUMMY1(8551,NCYCLE,OUMMY2(85t,DELT 
11 EQUATIONS TAKEN F~CM CRC, PAGE 474 
11 NHAR~=NUMBE~ OF H~RMONICS PLUS ONE (O,C,t 
11 NCYCLE=NUMBER OF POINTS IN T~E CYCLE 
"L=l; FOUIER TRANSFORM 
"L=-1; INVERSE TRANSFORM 
"L=O; PLCT THE TIME DOMAIN WAVEFCPM, FOURIER TRANSFORM,-
" INVERSE TRANSFOR~, PLCT THE TRANSFORMED TIME DOMAIN WAVEFORM 
"DELT=THE TIME BETWEEN POINTS 
11 A AND B CONTAIN THE FOURIER COEFFICIENTS 
11 F CCNTAINS T~E TIME DCMAIN DATA 
If (L.EQ.OtCALL PLOTTIF,~CYCLE,o.o,DELTt 
IF(L.EQ.-ltGO TO 40 
DO 30 N=l,NHARM 
~=N-1 
A(Nl=O.O 
B(Nt=O.O 
DO 20 I=l,NCYCLE 
IlIME=I-1 
A(Nt=AfNlt(2.0/(NCYCLE*DELTtl*fflt*COS(6.2832*M*ITIME/NCYCLEt*DELT 
B ( N ) = B ( N ) ... 2 • 0 I ( N c y c L E * DEL T , l * F n l * s I N ( 6 • 2 a 3 2 * M* I T 1 ME I NC ye LE , *DE LT 
20 C<JNTINUE 
30 CONTINUE 
.f\Ul=A(ll/2.0 
IF(L.EQ.l)GO TO 70 
40 DO 60 I=l,NC~CLE 
ITIME=I-1 
f(ll=O.O 
DO 50 N=l,NHARM 
~=l'\-1 
"C 
~ 
CD 
N 
~ 
w 
f(l,=FCJttA(Nt*COS(6.2832~M;JTIME/NCYCLEJtB(Nt*SIN(6~2832*~*ITIHE/NCVCLEI 
50 CONTINUE 
60 CCNTINUE 
IF(L.EQ.O)CALL PLCTTCF,NCYCLE,o~o,DELTl 
10 RETURN 
END 
SUBROUTINE R~OSET 
CCMMCN R(l0,851,J,NSEG,O~LZ,TOTVOL,NUMPTS,NCVCLE,FLOW(85),0ELT,DUMMY1(14),-
NSWITC10l~SYSDUR,DELAY,OUMHV2(961,0SEG(l0,85) 
CALL RADII 
CALL ZEROR 
l=NUMPTS+l 
K= NUMPT S+2 
NO=NU MPT St- 3 
PERIOD=SVSCUR-OELAY 
F C T I NC = 0 • 0 00 l 
OG 10 I=l,NSEG 
NSWIT(l t=L 
10 CONTINUE 
DC 100 J=2,NCYCLE 
fJ,=J-1 
TIHE=M*DELT 
N=NSEGtl 
DC 50 J:l,NSEG 
N:N-1 
QSEGC~,Jt=O.O 
IF(J.GT.NUMPTS)GO TO 50 
HOLD=(NSEG-Nt*DELAY/NSEG 
"PART OF THE SKELETON OF THE HEART, THE FlRST SEGMENT DOES NOT EXPAND, 
(LINE 4B75t, . 
-0 
Ill 
'ft 
N 
...... 
.J:>. 
11 THEREFORE, IT BEGINS CONTRACTING WHEN Tl-!E SECOND SEGMENT DOES: 
IF(N.EQ.11HOLO=(NSEG-2l*OELAY/NSEG 
"TO SIMULATE AN JNFARCTED SEGMENT, IT/THEY REMAIN PASSIVE UNTIL EJECTlON OCCURS; 
"1F(N.EQ.71HOLO=(~SEG-2l*OELA~/NSEG 
11 JF(N.EC.8)HOLO=("SEG-2l*OELAY/NSEG 
END=PERICDtHOLO 
If (TJME.LE.HOLO)GO TO 50 
IFfTIME.LE.ENOlGO TO 30 
R(f\',J)=R(N,M) 
GO TO 50 
30 lf("SWJT(N).NE.LlGO TO 40 
NSWJT(N)=J 
R(N,Ll=(R(N,MltR(N,NUMPTSll/2.0 
R(N,Kl=R(N,Ht-R(N,l) 
40 R(N,Jl=R(N,~)tR(N,K)*COS(3.1416*(TlME-HOLOl/PERJOO) 
QSEG(N,Jl=3.1416*CELZ*(R(N,Ml**2~R(N,Jl**2l/DELT 
50 CCNTlt\UE 
Q=O.O 
00 70 1=1,NSEG 
C=QtQSEG (I ,J) 
70 CCNTINUE 
CALL VOLl(M) 
IF(TOTVOL.EQ.O.OIGO TO 100 
SAVVOL=TCTVOltO*OELT 
FACTOR=l.O 
80 FACTOR=FACTOR+FCTINC 
00 90 I=l,NSEG 
lf(J.GE.NSWJTfillGO TO ~O 
R(J,Jl=FACTOR*R(l,M) 
lf(J.EQ.l)R(J,J)=R(J,Ml 
-0 
Ill (Q 
ro 
N 
~ 
01 
90 CONTINUE 
CALL VOLl(J) 
IF(SAVVCL.GT.TOTVOLIGO TO 80 
100 CONTINUE 
l<E TUI< N 
END 
SUB~OUTINE VOLl(K) 
COMMON R(l0,851,J,NSEG,DELZ,TOTVOL,DUMHV1Cio2t,NSWIT(lOI 
TOTVOL=O.O 
DO 10 I=l,NSEG 
lf(J.GE.NSWIT~l)IGO TO 10 
TOTVOL=TOTVOL•3,1416*R(J,Kl**2*0ELZ 
10 CONTINUE 
RETURN 
END 
SUBROUTINE ZEROR 
CCMMCN R(l0,85t,CUMHY1,NSEG,OUMMY2(2),NUMPTS,DUHHY3(891,P,DUMHY~,THICK(l0t 
E=2.ll828 
ALPHA=5.0 
BETA=3.0 
N=NUMPTSt-3 
DC 30 l=l,NSEG 
R(l ,Nt=R( I tl I 
10 R(I,Nl=R(J,Nt-C.0001 
11 lN IS THE WALL THICKNESS CORRESPONDING TO R(J,NI; 
TN=-R(I,Nlt-SQRT(R(I,Nl**2•2.0*R(I,ll*THICK(lltTHICK(ll**2l 
11 STRAIN IS FIGURED AT THE MIOCIRCUHFERENCE OF THE SHELLS: 
XLAMOA=(R(I,ll•THICKCil/2.01/(R(J,NltTN/2.0I 
PRES=(THICK(lt/R(I,1•t*ALPHA*(XLAMDA**2-l.O/XLAMDAt*E**(BETA*(XLAMOA**2t--~ 
2. 0/ XLAMCA-3 .O I I 
"'O 
QI 
(Q 
ti) 
N 
..... 
0\ 
lf(PRES.LT.PIGO TC 10 
"WRl1E(6,20lJ,P,PRES,R(I,ll,R(l,NI 
20 FCRMAT(lX,12,' P,PRES,Rl,R0=',4fl0.41 
30 CONTINUE 
RETURN 
END 
. :-\·: .  
"C 
~ 
tl> 
N 
...... 
....., 
APPENDIX E 
COMPARISON BETWEEN THE INERTIAL FORCE OF THE 
MYOCARDIUM AND TEE FORCE GENERATING STATIC PRESSURE 
In developing equation (4-19), one half of a 
cylindrical shell was studied (see Figure 4.4). The 
constricting force resulting from stress in the wall of the 
cylindrical shell was equated to the expanding force 
resulting from pressure within the shell. Inertial force of 
the myocardium was neglected. 
P2rAy = 2ahAy (4-19) 
where P = pressure within the shell 
r = inside radius of the shell 
Ay = height of the shell 
h = wall thickness of the shell 
a = stress in the wall of the shell. 
The forces on either side of equation (4-19) , 
however, are not equal, but differ by the force required to 
accelerate one half of the shell wall. That is, 
2ohAy - P2rAy = ~X(cm) 
dt2 
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(E-1) 
where m = mass of myocardium in one half the shell wall 
X(cm) =center of mass, m 
t = time. 
The center of mass of one half of a cylindrical 
strip is 
'ff /2 r+h 
I J r2cosedrde 
X(cm) = _-Tr ...... /_2_r ____ _ (E-2) 
'ff 2< ( r+h ) 2 - r2) 
where e is an angle in the plane of the cylinder. Equation 
(E-2) yields {61) : 
X( cm) = .L ( ( r+h) 2 + ( r+h) r + r2) 
3Tr { r+h) + r (E-3) 
The velocity {v) of X(cm) was determined at each 
point in the simulated cardiac cycle: 
v = AX(cm) 
At 
(E-4) 
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The acceleration of X(cm) was determined at each 
point in the simulated cardiac cycle: 
d2 X(cm) 
dt2 
6.V 
=-At 
(E-5) 
The force required to accelerate the myocardium in 
one half of the shell wall was determined at each point in 
the simulated cardiac cycle: 
Force = md2 X( cm) 
dt2 
(E-6) 
This force was divided by the constricting force in the 
shell wall (2 ah A y) • At every point in the simulated 
cardiac cycle the quotient was less than 0.019. Hence, the 
force required to accelerate the myocardium appears to be 
negligible compared to the force producing static pressure 
within the cylindrical shell. 
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